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ABSTRACT 
Ureides are nitrogenous compounds derived from purine catabolism that contribute to nitrogen 
recycling in plants. Accumulation of some ureide compounds has been reported in a number of 
plants under stress conditions, suggesting their involvement in a plant response to stress. 
Therefore, a biochemical and molecular approach was applied to address the ureide accumulation 
under drought and increased light intensity stress conditions as well as NaCl and mannitol 
treatments   in Arabidopsis thaliana. Ureide concentration and changes in expression of ureide 
metabolic genes were examined in response to these stress conditions. Additionally, an 
Arabidopsis allantoinase (aln) mutant with elevated accumulation of the ureide compound, 
allantoin, was used to investigate the impact of high levels of this compound on stress response. 
In the leaf tissue of adult plants allantoin accumulated in response to drought and increased light 
intensity. Simultaneously, transcription of urate oxidase (UO), involved in allantoin production, 
was highly up-regulated under stress. Ureides, allantoin and allantoate, also accumulated in 
seedlings following treatment with NaCl or mannitol. Allantoinase-negative mutants with 
increased levels of allantoin exhibited higher tolerance to drought and NaCl stresses and growth 
under high light. Lower level of reactive oxygen species (ROS) accumulated in the allantoinase-
negative mutant leaves in response to drought compared to the wild-type. Higher concentrations 
of allantoin in the mutant elevates abiotic stress tolerance, possibly by reducing oxidative damage. 
These results suggest that ureide metabolism and accumulation contributes to the abiotic stress 
response which is regulated, at least in part, at the transcript level.  
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CHAPTER 1. INTRODUCTION1 
1.1. Plants and abiotic stress 
All living cells are affected by their environment during growth and development. 
Obviously for plants this effect is more challenging since they are sessile organisms. 
Environmental or abiotic stresses such as low temperature, salt, drought, heat, oxidative stress and 
heavy metal toxicity are the most common reason for crop failure worldwide. Growth and 
productivity of plants are frequently affected by these environmental conditions (Mahajan and 
Tuteja, 2005). Abiotic stresses threaten the sustainability of farming and investments in the 
agriculture industry by influencing both crop yield and quality (Amudha and Balasubramani, 
2011). Moreover, agricultural output needs to increase to meet the world food demand, especially 
considering the growing population of the Earth during the next decades (Tilman et al., 2002). 
Therefore, understanding the abiotic stress responses and tolerance mechanisms in plants is 
important for both plant biologists and agronomists (Qin et al., 2011).  
Plants have adjusted various biochemical and molecular mechanisms to counteract the 
adverse effects of different abiotic stresses (Molassiotis and Fotopoulos, 2011). Due to the 
complexity of stress response and tolerance, understanding the mechanisms involved in plant 
responses has always been challenging (Qin et al., 2011). However, emerging new tools and 
approaches in various research areas including molecular biology, plant physiology and cell 
biology, have considerably enhanced our knowledge (Amudha and Balasubramani, 2011). 
Availability of genome information and mutant lines (e.g., T-DNA insertion lines), whole-genome 
tiling arrays and progress in the research areas such as functional small RNAs (siRNA and 
miRNA) have considerably facilitated the assessment of a plant’s response to abiotic stress 
(Hirayama and Shinozaki, 2010).  
The key strategy for plants to perceive an abiotic stress is to use a network of signals 
controlled by various chemical molecules and phytohormones (Tuteja, 2007). Following the 
chemical signals, expression of numerous genes and signaling factors involved in the different 
response pathways is altered (Tuteja and Sopory, 2008).  
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A comprehensive molecular reprogramming under stress occurs through the up or down 
regulation of a wide range of stress responsive genes (Seki et al., 2002; Thomashow, 2010; Liu et 
al., 2014). Based on the function of the proteins that these genes encode, they are classified into 
regulatory or functional genes. For example, regulatory genes include transcription factors, protein 
kinases and phospholipases. On the other hand, functional genes play vital roles in protective 
mechanisms such as cell membrane stability, macromolecular structure maintenance and reactive 
oxygen species (ROS) scavenging (Shinozaki and Yamaguchi-Shinozaki, 2007).  
Photosynthesis, as the key physiological function of plants, has a direct effect on plant 
growth. However, photosynthesis is highly sensitive to abiotic stress conditions (Chaves et al., 
2009; Lawlor and Tezara, 2009; Pinheiro and Chaves, 2011). Environmental stresses can suppress 
photosynthesis; for example, by affecting photosynthetic pigments, thylakoid membrane, soluble 
proteins, the electron transport chain, CO2 fixation and photorespiration (Chaves et al., 2009; 
Ashraf and Harris, 2013; Nouri et al., 2015). Several studies in different plant species reported the 
reduction of photosynthetic pigment content, chlorophyll and carotenoids, under various abiotic 
stresses due to the impairment of pigment biosynthesis or increase in their degradation rate. 
Additionally, it is been shown that abiotic stress conditions such as drought, salt and heat reduce 
the activity of various photosynthetic enzymes in several plant species (Ashraf and Harris, 2013). 
On the other hand, environmental stresses can decrease a plants’ photosynthesis rate by affecting 
plant water status and stomatal closure. The change in plant water status has been proposed to be 
one of the common effects of many abiotic stresses (Bohnert et al., 1995). Water deficit in plant 
tissues occurs following the imbalance between water uptake by roots and leaf transpiration (Aroca 
et al., 2012). Stomatal closure inhibits water transpiration and also decreases the availability of 
CO2 through restriction of diffusion from the stomata and the mesophyll (Chaves et al., 2009).  
Plant responses to abiotic stress include a complex of molecular, physiological and 
biochemical processes. These responses help the plant to tolerate the stress, or in the ideal case, 
lead to stress adaptation. Understanding a plant’s stress response mechanisms to perceive and 
transmit the environmental signals and adoptive responses has been critical for plant biologists and 
agronomists (Krasensky and Jonak, 2012). This knowledge is essential for the development of 
breeding strategies, stress tolerant transgenic plants, and selection of stress tolerant crop cultivers 
with high yield (Ahmad and Prasad, 2012). In the subsequent sections of this chapter, some of the 
primary responses of plants to abiotic stress are highlighted.  
3 
 
1.1.1. Abiotic stress and hormones 
Phytohormones play important regulatory functions in the processes of plant growth and 
development under abiotic stress conditions. Some of the major plant hormones are abscisic acid 
(ABA), auxin, ethylene, jasmonic acid, cytokinin, and brassinosteroids, their biosynthesis and 
signaling system have been studied (Singh and Jwa, 2013). The interaction of these hormones is a 
primary determinant in a plant’s response to environmental changes by transition of source/sink 
(e.g. by regulation of carbon partitioning between individual organs), distribution of nutrients and 
the control of growth and development (Peleg and Blumwald, 2011). Plants generally respond to 
abiotic stress by modulating gene expression through the signaling processes mediated by 
phytohormones (Kohli et al., 2013).  
ABA, which is often called the plant stress hormone, is the main and most common 
phytohormone that is produced in response to various abiotic stress conditions. ABA plays 
important roles in induction of seed dormancy, reduced leaf expansion and deeper root growth in 
response to stress conditions (Wilkinson et al., 2012). Also, promoting stomatal closure to prevent 
water loss is one of the main function of ABA (Mahajan and Tuteja, 2005). ABA is involved in 
signaling the stressful conditions of the root environment to shoots, leading to reduction of 
transpiration activity of the leaves by closing stomata and reducing leaf expansion (Wilkinson et 
al., 2012). It is known that ABA suppresses cell differentiation of columella stem cells and division 
of meristematic cells in response to environmental stresses such as drought and high salinity. This 
strategy results in elongation of the primary root (Hong et al., 2013).  
ABA application was shown to regulate the expression pattern of stress genes in the same 
way as they are regulated under cold, drought and salt stresses. The resemblance between the 
responses to these abiotic stresses is based on their similar effect on cell desiccation and osmotic 
imbalance. Overall, the stress response of these stresses coordinates the action of many genes, 
which may cross talk with each other. The products of stress response genes also contribute to 
generation of regulatory molecules including ABA. Regulatory molecules like ABA can initiate 
the second round of signaling in response to stress (Leung and Giraudat, 1998; Thomashow, 1999; 
Shinozaki and Yamaguchi-Shinozaki, 2000; Finkelstein et al., 2002). It is suggested that the 
signaling through long distance (e.g. root to shoot) in stressed plants is likely to be controlled 
mainly by ABA and ROS (Lake et al., 2002; Mahajan and Tuteja, 2005). 
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Although ABA is the main stress responsive hormone, a number of studies have suggested 
roles for other hormones such as auxin, brassinosteroids and cytokinin under adverse 
environmental conditions (Peleg and Blumwald, 2011). Exogenous application of brassinosteroids 
has been reported to induce the expression of some stress response genes. As a result, the levels of 
antioxidant enzymes and osmoprotectants were increased in cells (Divi and Krishna, 2009).  
Plant roots probably sense and respond to soil moisture through the auxin response pathway 
(Kaneyasu et al., 2007). Xu et al. (2013) reported that under moderate water deficit in rice and 
Arabidopsis, ABA maintains the growth of primary roots by regulating auxin transport. A number 
of studies on auxin signaling mutants (Wang et al., 2009; Zolla et al., 2010) and salt sensitive 
mutants (Zhao et al., 2011) indicated that both auxin influx and signaling are important for 
development of lateral roots in response to salinity stress.  
A higher tolerance of plants to stress was shown to be parallel with enhanced levels of 
cytokinins in xylem sap (Borrell et al., 2000). In fact, cytokinin probably plays dual positive and 
negative roles under abiotic stress conditions (Zwack and Rashotte, 2015). Some studies have 
found a lower content of cytokinin in response to stress (Itai et al., 1973; Walker and Dumbroff, 
1981; Kudoyarova et al., 2007) whereas other investigations have found enhanced levels of 
cytokinin especially under severe stress (Pospisilova et al., 2005; Alvarez et al., 2008). In addition, 
it has been known for a long time that elevated amounts of cytokinin negatively effect stomatal 
sensitivity to ABA (Radin et al., 1982).  
Higher amounts of ethylene under stress can prevent root growth and development and 
decrease the expansion of shoot and leaf (Sharp, 2002; Pierik et al., 2006). Moreover, ethylene 
induces stress related leaf senescence and abscission (Abeles et al., 1992). Ethylene reduces 
photosynthesis (Rajal and Peltonen-Sainio, 2001) and grain filling rates and ultimately decreases 
the direct yield (Hays et al., 2007). Thus, inhibition of ethylene production under abiotic stress is 
more desirable agriculturally (Wilkinson et al., 2010).  
Jasmonates are involved in seed germination, fertilization, flowering and senescence 
(Feussner and Wasternack, 2002) and elevated amounts of this hormone have been reported under 
drought and salinity in rice (Moons et al., 1997; Tani et al., 2008). Du et al. (2013) reported that 
jasmonate concentration was increased significantly in response to drought and cold stresses in 
rice, but it was decreased under heat stress. This demonstrated that jasmonate signaling might 
differentially regulate the plant response to various abiotic stresses (Du et al., 2013). 
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1.1.2. Abiotic stress and ROS 
Formation of ROS in plants is an inevitable result of aerobic respiration. It is known that 
ROS are generated continuously in the chloroplast during photosynthesis through partial reduction 
of oxygen molecules or by shifting energy to these molecules (Gill and Tuteja, 2010a). Therefore, 
ROS are produced in cells at constant levels under normal metabolism. It has been suggested that 
ROS might contribute to plant development by playing a role in regulation of cell growth (Gapper 
and Dolan, 2006). For instance, Rodriguez et al. (2002) reported that during leaf expansion, ROS 
accumulates in the local extension zone and prevention of ROS formation inhibits leaf growth. 
However, most abiotic stress conditions increase the production of ROS and at the same time 
disrupt their elimination (Karuppanapandian et al., 2011). Enhanced levels of ROS can cause 
oxidative damage to cells structure and ultimately cause cell death (Gill and Tuteja, 2010a). 
Oxidative stress is the term used to describe the excess levels of ROS in cells which mainly occurs 
under abiotic or biotic stress conditions (Sharma et al., 2012). Oxidative stress can damage cells 
through lipid peroxidation, protein oxidation and DNA damage (Gill and Tuteja, 2010a). Lipid 
peroxidation can produce several lipid-derived radicals including lipid alkoxyl radicals and lipid 
epoxides (Sharma et al., 2012). Consequently, peroxidation of lipids can lead to reduction of 
membrane fluidity, elevation of membrane leakiness, damage to membrane proteins as well as 
inactivation of ion channels and receptors (Gill and Tuteja, 2010a). Higher plants cope with the 
accumulation of ROS through various enzymatic and non-enzymatic antioxidants that quench the 
reactive molecules (Shao et al., 2008). Some examples of plant antioxidant enzymes are 
superoxide dismutase, catalase, ascorbate peroxidase, dehydroascorbate reductase and glutathione 
reductase. Non-enzymatic ROS scavengers are low molecular antioxidants such as ascorbic acid, 
glutathione and carotenoids (Michalak, 2006).  
In photosynthetic tissue, the main source of ROS generation is the chloroplast. Although 
mitochondria are the major location of ROS production in the other tissues, their contribution is 
not comparable to the chloroplast in photosynthetic tissue (Jaspers and Kangasjarvi, 2010). 
Peroxisomes (Foyer and Noctor, 2009), the endoplasmic reticulum, and cell walls (Jaspers and 
Kangasjarvi, 2010) can also be sources of ROS generation. Local antioxidant protection is 
important since most ROS forms (with the exception of H2O2) cannot pass through membrane 
aquaporins or travel long distances inside the cell (Sharma et al., 2012). However, when local 
antioxidants in a cell cannot eliminate excess ROS, H2O2 forms and penetrates cellular membranes 
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(through aquaporin channels) and diffuses into the other compartments within the cell (Sharma et 
al., 2012).  
The most common ROS with ability to cause oxidative damage are superoxide (O2
-), 
hydrogen peroxide (H2O2), hydroxyl radical (•OH), perhydroxyl radical (HO2•), alkoxy radicals 
(RO•) and peroxy radicals (ROO•) (Bhattacharjee, 2005). Of these, H2O2 and O2- are considered 
to play important roles under abiotic stress (Halliwell, 2006; Gill and Tuteja, 2010, Sharma et al., 
2012).  
Hydrogen peroxide (H2O2) at low levels triggers stress tolerance and has been found to 
regulate photorespiration, photosynthesis, growth and development. However, high concentrations 
of H2O2 oxidizes the thiol groups of some enzymes and induces programed cell death (Gill and 
Tuteja, 2010). H2O2 has the longest half-life among ROS and this small molecule can traverse 
between cellular compartments. As a result, H2O2 can be a signaling molecule that is particularly 
important in plant stress acclimation, stomatal function, antioxidant defense, regulation of cell 
cycle and photosynthesis under stress (Petrov and Van Breusegem, 2012). H2O2 levels are 
regulated by antioxidant systems consisting of enzymes that include catalase (CAT), ascorbate 
peroxidase (APX), glutathione reductase (GR) and non-enzymatic antioxidants like glutathione, 
ascorbate and flavonoids (Hossain et al., 2015).  
Both CAT and APX antioxidants have high specificity for H2O2 (Mhamdi et al., 2010). 
There are three CAT genes in the Arabidopsis genome: CAT1, CAT2, and CAT3 (Frugoli et al., 
1996). Pollen and seeds are the main locations of expression of the CAT1 gene while CAT2 is 
mainly expressed in photosynthetic tissue and CAT3 in vascular tissue. The presence of CAT 
activity has been reported in a number of plant cellular compartments including peroxisome, 
cytosol, mitochondria and chloroplast (Mhamdi et al., 2010). A number of APX isoforms have 
been identified in plants. For example, in Arabidopsis, APX1, APX2 and APX6 have been 
localized in the cytosol whereas APX3, APX4 and APX5 have been found on the microsome 
membrane. Moreover, there are other APX isozymes that are located in the chloroplast and 
peroxisome (Dabrowska et al., 2007). Induced expression of a number of isoforms of APX has 
been found in different plants under abiotic stress conditions (Shigeoka et al., 2002; Gest et al., 
2013). Increased expression of APX1 under several oxidative stresses has been reported in 
Arabidopsis (Shigeoka et al., 2002).  
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Superoxide (O2
-) is highly reactive and is generated by photosystem I within the thylakoid 
membrane. Photosystem I (PSI) is a multi-subunit protein complex that uses light to mediate 
electron transfer from a protein (plastocyanin) in the lumenal side of the thylakoid membrane to a 
protein (ferredoxin) in the stromal side of the membrane (Fromme et al., 2001). Ferredoxin, the 
strong reductant electron acceptor of PSI, can reduce molecular oxygen to superoxide (Foyer et 
al., 1994). Puntarulo et al., (1988) suggested that 1-2 percent of oxygen molecules in plants are 
converted to O2
-. In order to prevent damage to biological membranes, O2
- formed at PSI can be 
eliminated by antioxidant enzymes. In fact, non-toxic levels of O2
- may contribute to control root 
elongation and cell expansion in plants (Puntarulo et al., 1988). Foreman et al. (2003) showed that 
root hair defective mutants (deficient in cell expansion) had lower levels of ROS such as O2
- and 
had shorter roots compared to wild-type Arabidopsis. However, O2
- in elevated levels is capable 
of oxidation of chloroplast molecules (e.g. chlorophylls) and lipids as well as the production of 
several other ROS such as hydroxyl radical and singlet oxygen (Pintó-Marijuan and Munné-Bosch, 
2014). Concentration of O2
- is regulated by both non-enzyme and enzymatic antioxidants, similarly 
to H2O2. The key antioxidant enzyme involved in scavenging O2
- is superoxide dismutase (SOD) 
(Halliwell, 2006). 
In plants, SOD is distinguished as three types based on the metal cofactor: FeSOD (iron 
cofactor), MnSOD (manganese cofactor) and Cu/ZnSOD (copper and zinc as cofactors) (Pilon et 
al., 2011). MnSOD is found in the matrix of the mitochondria (Perry et al., 2010). Although, 
FeSOD is frequently reported in the plastids (Bowler et al., 1994; Kliebenstein et al., 1998), some 
FeSOD isoforms are reported to be active in cytosolic locations (Myouga et al., 2008; Armbruster 
et al., 2009). Cu/ZnSOD is found in the peroxisomes and plastids (Ogawa et al., 1995; 
Kliebenstein et al., 1998). Expression of superoxide dismutase genes, especially for Cu/ZnSOD 
and FeSOD, has been reported to be affected by different stress treatments. In most cases, these 
treatments led to the upregulation of expression of superoxide dismutase genes, mainly Cu/ZnSOD 
(Pilon et al., 2011).  
 
1.1.3. Abiotic stress and accumulation of specific compounds in plants 
Biosynthesis and accumulation of specialized metabolites is a plant mechanism to 
acclimate to unfavorable environmental conditions. Most of the specialized metabolites 
synthesized under abiotic stresses show an antioxidative effect in vitro. However, in most cases, 
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the function of these metabolites in vivo has not been studied (Nakabayashi and Saito, 2015). 
Glucosinolates (Natella et al., 2014), saponins (Okubo and Yoshiki, 2000; Vickers et al., 2009), 
phenolamides (Velikova et al., 2007), phenylpropanoids (Chang et al., 2007; Shahidi and 
Chandrasekara, 2010) and flavonoids (Agati et al., 2012) are some of the metabolites that exhibite 
in vitro antioxidant activity and it is suggested that they might be in vivo antioxidants. 
Accumulation of low molecular weight antioxidants such as ascorbic acid, glutathione, α-
tocopherols, proline (Smirnoff and Cumbes, 1989; Gill and Tuteja, 2010b; Signorelli et al., 2014), 
sugars (Nishizawa et al., 2008) and carotenoids (Havaux, 2014) has been frequently reported under 
stress. Aside from metabolites with antioxidative activity, a wide range of osmolytes accumulate 
in plant cells in response to abiotic stress: glucose and sucrose, sugar alcohols such as sorbitol, 
mannitol and glycerol, betaines such as glycine betaine, amino acids such as proline and pipecolic 
acid (a non-protein amino acid), methylated proline-related compounds such as proline betaine 
and hydroxyproline betaine, are some of the osmo-protective compounds (Rhodes et al., 2002 ; 
Ashraf and Foolad, 2007). In addition to osmotic adjustment, a number of osmolytes have 
osmoprotection functions to help cells in response to osmotic stress for example by reducing 
oxidative damage and protecting sub-cellular structures under stress. An enhanced concentration 
of osmoprotectants in cells is correlated with increased stress tolerance probably through 
detoxification of ROS and protection of enzyme structure (Szabados et al., 2011). For instance, 
the osmolyte proline might also function as a ROS scavenger, molecular chaperone or redox buffer 
under stress (Ashraf and Foolad, 2007; Verbruggen and Hermans, 2008). Another main osmolyte, 
glycine betaine, was also suggested to have other key roles such as modulation of ROS scavenging 
enzymes (Chen and Murata, 2011). However, it has not been reported to have a direct ROS 
scavenging activity (Deinlein et al, 2014). It has been reported that exogenous application of these 
two osmolytes (glycine betaine and proline) improved the yield of some crops under abiotic stress 
conditions (Ashraf and Foolad, 2007). Also, exogenous application of proline and glycine betaine 
has been shown to increase the expression of genes that are involved in antioxidant defense and 
regulatory mechanisms in Arabidopsis (Oono et al., 2003; Einset et al., 2007). The osmoprotectant 
compounds that accumulate in stressed plants can serve different functions such as preserving the 
integrity of the plasma membrane, protecting enzyme or protein structure, stabilizing the 
photosystem II complex and quenching (ROS). Furthermore, they can act as chelating agents, 
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signaling molecules and low molecular weight chaperones (Chen and Murata, 2008; Valluru and 
Van den Ende, 2008; Szabados and Savourè, 2010; Alcázar et al., 2010).  
Previously it was thought that metabolites accumulated under stress probably had no 
essential role in a plant since they usually were found to accumulate in plants in response to stress. 
Recently, some of these metabolites were reported to have other major functions in plant growth 
and development (Ramakrishna and Ravishankar, 2011). For example polyamines were reported 
to increase in plants under abiotic stress conditions and it has been suggested that they play a role 
in modulating the antioxidant system (Liu et al., 2015). In addition, under unfavorable conditions, 
polyamines may be involved in maintaining membrane stability (Liu et al., 2007; Tiburcio et al., 
2014). Biologically, polyamines have the ability to bind to anionic macromolecules like proteins 
and nucleic acids and therefore to function in the regulation of transcription and translation 
(Bachrach, 2010; Gill and Tuteja, 2010b; Igarashi and Kashiwagi, 2010; Tiburcio et al., 2014). 
Another example is proline; it is usually considered a metabolite with function under stress 
conditions. Increasing number of studies suggest that proline has other biological roles and it is a 
signaling molecule involved in plant growth and development (e.g. flowering and root growth) 
(Szabados and Savouré, 2010). Mattioli et al. (2009) suggested that proline may have a role in 
regulating cell division and embryogenesis in plants.  
Increased light stress affects the production and accumulation of some metabolites in 
plants. For example, increasing light intensity is correlated with concentration of phenolics 
(Chalker-Scott and Fnchigami, 1989), taxol, baccatin III (Fett-Neto et al., 1995) and anthocyanins 
(Chalker-Scott, 1999). Ramakrishna et al. (2011) reported that photoperiod regime influenced the 
level of indoleamine metabolites (serotonin and melatonin) in green algae. Long photoperiod 
treatments trigger the accumulation of ginsenoside metabolites in roots of Panax quinquefolius, a 
herbaceous perennial plant from the ivy family, compared to plants grown under short 
photoperiods (Li et al., 1996). Accumulation of some metabolites has been reported to increase 
under salinity stress. For example, an increased level of polyphenols (Dixon and Paiva, 1995; 
Muthukumarasamy et al., 2000), polyamines (Mutlu and Bozcuk, 2007) and total phenolics 
(Navarro et al., 2006) was demonstrated in a variety of plants under salt stress. Accumulation of 
proline (Petrusa and Winicov, 1997) and anthocyanins (Parida and Das, 2005) in plants has been 
reported in salt tolerant species under salinity stress whereas decreased or regular levels of these 
metabolites were found in salt sensitive species (Petrusa and Winicov, 1997; Daneshmand et al., 
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2010). Multifarious physiological roles such as photo-protection, antioxidative activity and 
contribution to osmotic adjustment are the main functions proposed for anthocyanins under 
adverse environmental conditions (Chalker-Scott, 1999; Gould, 2004). Increased concentrations 
of some metabolites such as flavonoids (Larson, 1988), anthocyanins (Chalker-Scott, 1999), 
saponins (Soliz-Guerrero et al., 2002) and glycosides (Wang et al., 2010a) have been reported in 
a variety of drought-stressed plants.  
 
1.1.4. Abiotic stress and organelles 
Abiotic stress effects the major subcellular organelles and most of these organelles 
contribute to primary defense responses and potentially become a source of ROS (Agrawal et al., 
2011). For example, chloroplasts, mitochondria, and peroxisomes are known to be the main 
sources of ROS since their normal metabolic function is reduction of oxygen or oxidation of water 
in cells (Moller et al., 2007). An accumulation of ROS in organelles signals the stress to the nucleus 
to regulate the expression of genes encoding proteins such as proteases, antioxidant enzymes and 
heat shock proteins. The new proteins also contribute to the unfolding or refolding of damaged 
proteins or the degradation of impaired proteins (Taylor et al., 2009).  
Initially, the plasma membrane senses a stress using many receptor proteins embedded 
within it (Komatsu et al., 2007). The plasma membrane is the most complex form of living 
membrane in a cell with a diverse protein structure that is determined by cell type, growth stage or 
environmental factors (Alexandersson et al., 2004). It is known that under severe stress conditions, 
membrane permeability increases resulting in ion leakage from the membrane and impairment of 
membrane transport ability (Caldwell and Whitman, 1987). Environmental stresses can damage 
the physical structure of a membrane as well as its chemical properties. A deficiency in membrane 
integrity, for example as a result of peroxidation of membrane lipids under abiotic stress, enhances 
membrane permeability which can result in cell death. Moreover, abiotic stress can also negatively 
affect the stability and activity of membrane proteins (Huang, 2006).  
 It is generally assumed that the plasma membrane is the first site of environmental change 
perception and the second site are chloroplasts. The photosynthesis process is extremely sensitive 
to abiotic stress. Expectedly, chloroplasts, as the center of photosynthesis, are vital and important 
organelles in sensing abiotic stress signals initially perceived by the plasma membrane (Lee et al., 
2013). The redox state of a chloroplast changes during stress conditions and this influences the 
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expression of genes in the nucleus. For example, changes in redox state of plastoquinone, an 
electron carrier of PSII, regulates the expression of some nuclear and chloroplast encoded genes 
(mainly photosynthetic genes) under extreme conditions (Fernández and Strand, 2008). In 
chloroplasts, hydrogen peroxide and superoxide can form as a result of reduction of molecular 
oxygen at PSΙ and a strong reactive excited state of oxygen, singlet oxygen, can be produced in 
PSΙΙ. Generally, the main damage of stress to a chloroplast is linked to the ROS production in this 
organelle (Taylor et al., 2009).  
Various oxidases such as urate oxidase, xanthine oxidase, acyl-CoA oxidases and glycolate 
oxidase are located in peroxisomes. Peroxisomes use these enzymes to reduce oxygen to hydrogen 
peroxide while oxidizing other compounds (Reumann et al., 2007). Peroxisomes are also involved 
in catabolism of xanthine which is a purine compound originating from DNA or RNA turnover 
(Corpas et al., 1997). In addition to enzymatic antioxidants (e.g. SOD), the presence of some non-
enzymatic antioxidants (e.g. ascorbate and glutathione) have been confirmed in leaf peroxisomes 
(Jiménez et al., 1997). Accumulation of ROS in peroxisomes under stress conditions induces 
oxidative stress in the organelle which consequently affects the cell function (Taylor et al., 2009). 
A number of reports suggeste that under stress conditions, peroxisomes have different metabolic 
functions mediated by ROS such as inducing senescence (by leaf peroxisomes) or producing signal 
molecules in transduction pathways to increase the expression of defence genes (del Río et al., 
2003).  
Proper folding of proteins is necessary for their function and transportation. Under 
environmental stress conditions, accumulation of unfolded and misfolded proteins in the 
endoplasmic reticulum (ER), is referred to ER stress (Deng et al., 2013). In response to ER stress, 
a series of cellular mechanisms such as activation of unfolded protein response and ER-associated 
degradation are activated. These mechanisms contribute to alleviation of ER stress by inducing the 
production of factors that are involved in protein folding as well as removing the unfolded and 
misfolded proteins (Herczenik and Gebbink, 2008). In plants, the unfolded protein response of the 
ER has been found to be related to salinity, heat and drought stresses (Deng et al., 2013). Mutation 
of factors involved in the ER stress response in plants resulted in hyper-sensitive phenotype under 
stress (Liu et al., 2007) while the overexpression of some of these factors enhanced the plant stress 
tolerance (Fujita et al., 2007). 
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1.2. Increased light intensity 
Light is one of the essential factors of plant growth and development. However, it can be 
the source of ROS production and cell death (Wituszyńska and Karpiński, 2013). In plant cells, 
light energy is collected by pigments (mainly chlorophylls) and is transferred to reaction center 
complexes, PSI and PSII. Both photosystems are located in the thylakoid membrane of 
chloroplasts. Under increased light intensity, the rate of light absorption and transfer to the 
photochemical complexes will be affected. Since the photosystems are linked by a chain of 
electron carriers, any imbalance in light energy can result in uneven excitation of photosystems 
(Karpinski et al., 1999). Excess light energy that cannot be used for carbon dioxide fixation and 
photosynthetic metabolism is called excess excitation energy (Gray et al., 1996; Asada, 1999; 
Karpinski et al., 1999). The term “excitation pressure of PSII" represents the relative reduction 
state of PSII. The energy imbalance resulting from an environmental stress such as increased light 
intensity leads to over-excitation of PSII (Gray et al., 1996). Notably, excess energy is not only 
the consequence of high light stress, it can result from other abiotic stresses like high/low 
temperatures (Gray et al., 1997) drought and salinity (Wituszyńska and Karpiński, 2013). An 
excess excitation energy enhances the electron transport rate and therefore the redox status of the 
photosynthetic electron transport chain changes. The redox change effects the regulation of 
chloroplast and nuclear genes such as those that encode light-harvesting complexe proteins (Bailey 
et al., 2001; Mishra et al., 2012) and antioxidants (Karpinski et al., 1997; Pfannschmidt et al., 
1999). Subsequently, a response process is triggered by redox signals from the photosynthetic 
electron transport chain, particularly the electron carrier, plastoquinone (Karpinski et al., 1999; 
Mullineaux, 2000).  
 The phenomenon by which PSII is inactivated and damaged is called photo-inhibition (Barber, 
1995; Ruban, 2009). Under increased light intensity when photo-inhibition occurs, excess 
excitation energy will excite PSII and the powerful oxidant PSII will oxidize the closest pigments 
and amino acids. The major target of this damage is the D1 protein which is a subunit of the multi-
subunit PSII complex structure. Damaged D1 must be removed from the PSII complex and 
replaced by a new molecule (Barber et al., 1994; Ruban, 2009; Gururani et al., 2015). Light-
dependent production of highly reactive oxygen derivatives is known as photooxidation (Foyer et 
al., 1994). Although photooxidation is initially caused by absorption of excess light, it can also be 
induced by water deficit and salt stress (Reddy and Raghavendra, 2006). During photooxidation, 
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the excess amount of ROS can affect macromolecules such as lipids, nucleic acids and proteins 
and if a plant cannot prevent the photooxidative stress, eventually senescence and cell death will 
occur (Pinto-Marijuan and Munné-Bosch, 2014).  
 Several mechanisms are involved in protecting PSII from increased excitation pressure. 
Transition of energy from PSII to PSI or reduction of energy transfer to PSII by non-photochemical 
quenching are some examples of adjustment mechanisms (Huner et al., 1998). However, over a 
long term of over-excitation of PSII, a plant might use mechanisms such as a reduction of antenna 
size, or induction of the capacity to use ATP and NADPH metabolically in order to maintain 
photochemical quenching of PSII (Huner et al., 1998) and/or a change in leaf optical properties 
(e.g. through leaf epidermal or palisade cell properties to direct light) in order to decrease light 
absorption (Vogelman et al., 1996).  
An elevated excitation of electrons in antenna complexes (Chlorophyll-protein complexes 
in PSII and PSI) that absorbs the light, is inevitable under high light and the reaction centers of the 
photosystems will be saturated with energy (Asada, 1999; Karpinski et al., 1999). To remove 
excess light energy, plants utilize the processes of photochemical and non-photochemical 
quenching. Photochemical quenching is defined as the processes of consumption of extra electrons 
through establishment of additional metabolic sinks. Photochemical quenching can be achieved by 
an enhancement of the photorespiratory rate, antioxidant activity of chloroplast enzymes and 
probably through increased metabolism of carbon and nitrogen. Another example is a reduction of 
oxygen in PSI by the Mehler reaction (Mullineaux and Karpinski, 2002). During the Mehler 
reaction, an oxygen molecule is reduced to O2
- by an electron fed directly from PSI. This O2
- is 
converted to H2O2 by superoxide dismutase and then is converted to water by ascorbate peroxidase 
(Asada, 1999). Non-photochemical quenching affects the consumption of excess energy by 
transferring electrons to carotenoids where it is used as heat within the xanthophyll cycle. In this 
cycle, violaxanthin is converted to de-epoxidised zeaxanthin by violaxanthin de-epoxidase 
enzyme. This mechanism provides an important way to consume excess light energy in plants 
(Demmig-Adams and Adams, 2006).  
Furthermore, in order to avoid high light stress, plants have also developed some 
morphological strategies such as alteration of leaf orientation, leaf folding, smaller leaf size and 
leaf thickness (Steyn et al., 2002). Some internal strategies include plants’ chloroplast movements, 
decreasing the number of photosynthetic reaction centers and increasing non-photosynthetic 
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pigments like anthocyanins (Mullineaux and Karpinski, 2002; Steyn et al., 2002). Anthocyanins 
accumulation provides a protection for photosynthetic apparatus from excess light damage 
especially in leaves. It has been suggested that reduction of light intensity by anthocyanins can 
help plants to re-establish a light balance and to decrease the risk of photooxidative damage (Steyn 
et al., 2002) since this pigment absorbs excess light photons which otherwise would be absorbed 
by the photosynthetic electron transport chain (Gould, 2004). Anthocyanins are the most common 
non-photosynthetic pigments that protect photosynthetic tissue under photoinhibition (Smillie and 
Hetherington, 1999).  
 
1.3. Osmotic stress  
In order to maintain a positive turgor pressure, plant cells adjust their osmotic potential in 
balance with their water potential. Significant alteration in water potential in the environment, 
mainly by drought, salinity and cold stress, can cause osmotic stress in plants (Xiong and Zhu, 
2002). Plants respond to osmotic stress with a wide range of mechanisms. The response might 
include morphological changes for example in root growth or developmental changes in the life 
cycle. Changes in uptake and transport of ions as well as metabolic adjustments (such as synthesis 
of osmoprotectants) are part of a plant response to an osmotic stress (Upadhyaya et al., 2013). 
Compatible solutes play an important role in osmotic adjustment by decreasing the osmotic 
potential of cells to increase water absorption and maintain intercellular osmotic potential. Ion 
homeostasis is another important mechanism for plants to combat osmotic stress. Under osmotic 
stress, regulation of expression and/or activity of some ATPases, proteins of water channel 
(aquaporins) and ion transporters has been reported (Xiong and Zhu, 2002). Osmotic stress triggers 
the accumulation of ABA and ROS. Both ABA and ROS can be involved in osmotic stress cellular 
signaling networks in plants that in turn, activates various signaling proteins including 
transcription factors and protein kinases. These signaling proteins play signal transduction roles to 
help plants to respond to osmotic stress (Yoshida et al., 2014).  
 
1.4. Drought 
Among abiotic stresses, drought has been defined as one of the main environmental factors 
effecting plant growth, development and productivity (Boyer, 1982). Drought can damage plants 
physiologically, morphologically and biochemically (Parker, 1968). Physiological and 
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biochemical changes can result in a reduction in photosynthesis caused by limitation in CO2 influx, 
carboxylation and activity of the electron transport chain (Akinci, 1997). Under drought, ROS 
scavenging compounds such as ascorbate and glutathione increase in cells. As well, ABA and 
compounds like proline, mannitol and sorbitol accumulate in drought stressed plants (Lichtenthaler 
et al., 1981).  
Drought and salinity stress induce simililar responses since they both lead to dehydration 
of the cell and impairment of osmotic balance. Almost all plant physiology aspects and cellular 
metabolism alters under drought and salt stress (Liu and Zhu, 1998). The resulting signaling from 
these stresses controls three main parameters. First, in order to maintain cellular homeostasis, 
plants attempt to reinstate the cell osmotic and ionic balance. Second, in order to control the stress-
induced damage, detoxification signaling is activated and third, cell division is regulated to inhibit 
plant growth (Zhu, 2002). Deceleration of cell division and inhibition of cell growth under drought 
stress is mainly regulated through the reduction of the activity of enzymes involved in cell divison 
(Schuppler, 1998).  
A plant response to drought stress is a sophisticated combination of strategies including: 
escaping from drought (e.g. accelerating life cycle); avoiding drought (e.g. deep rooting); drought 
tolerance (mainly by osmotic adjustment); resistance to drought (e.g. higher antioxidant content) 
and drought abandonment (e.g. losing old leaves) (Price et al., 2002; Xu et al., 2010; Debnath et 
al., 2011). These strategies overlap with each other. For example, drought resistance can be 
achieved by a combination of drought avoidance, tolerance and escape mechanisms (Fang and 
Xiong, 2015).  
Under mild and medium drought, plants can avoid the stress by morphological, growth and 
development changes. Stomatal closure, leaf rolling, accumulation of wax on the leaf in many 
plant species helps to reduce water loss (Fang and Xiong, 2015). In mature plants, root growth, 
density and root to shoot ratio might increase the ability of a root to take up water from deep soil 
layers (Mahajan and Tuteja, 2005). As drought stress progresses, these initial responses in plants 
are usually followed by drought escape mechanisms. Conversion from vegetative to reproductive 
phase in plants avoids complete failure to reproduce if the drought stress becomes severe (Fang 
and Xiong, 2015). Moreover, mature plants adjust their leaf area in response to the stress using 
precocious senescence and abscission of old leaves. (Mahajan and Tuteja, 2005). Drought escape 
can also be an artificial process of adjustment of planting, growth, life cycle to escape the local or 
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climatic drought (e.g. lack of rain, more moisture evaporation from lands) by farmers (Mitra, 
2001). Drought tolerance is the ability of plants to maintain a level of physiological activities even 
under severe drought (Passioura, 1997). Enhancing osmoregulatory compounds to sustain cell 
turgor pressure is the main way to reduce stress damage (Fang and Xiong, 2015). Drought 
resistance refers to the combination of various mechanisms to change the resistance during 
developmental stages. It can be associated with antioxidant synthesis, photosynthesis and cell 
osmotic regulation at specific development stages. Due to the variability of a natural drought, plant 
species and developmental stage, evaluation of all drought resistance mechanisms can be difficult 
(Fang and Xiong, 2015).  
One of the first responses of all mature plants to drought is reducing water lost through 
transpiration by closing stomata (Mansfield and Atkinson, 1990). Stomatal closure is called 
hydropassive closure when it is a direct result of water evaporation and not metabolically 
dependent. On the other hand, hydroactive closure occurs when stomatal closure is determined by 
metabolic processes and alteration of ion flux. Generally, metabolic dependent closure in plants is 
regulated by ABA. (Hartung et al., 2002). Both modulation of ABA levels in the guard cells and 
long-distance transport of ABA can be involved in the regulation of stomatal closure (Wilkinson 
and Davies, 2002). Various processes can regulate ABA-induced stomatal closure, some of which 
are: synthesis of ABA versus catabolism in stressed roots; transferring ABA from roots into the 
xylem through apoplast or specialized xylem parenchyma cells; movement of newly-synthesized 
ABA with the transpiration in the leaf (around or inside of mesophyll cells) to the guard cells; 
converting inactive ABA (glycosylated ABA) to free ABA in the leaf apoplast (using β –
glucosidase) and then to the guard cells  (Davies et al., 2002; Wilkinson and Davies, 2002). 
Moreover, as a chemical messenger, ABA can induce stomatal closure under drought stress mainly 
using secondary messengers such as protein kinases, ROS, Ca2+ and nitric oxide (Lim et al., 2015). 
In addition, crosstalk between ABA and different hormones such as auxin, ethylene and cytokinins 
might be involved in root drought sensing and signaling in different plants (Janiak et al., 2016).  
Plants also respond to drought by a regulation of expression of many genes. Induced 
expression of hundreds of genes have been reported under drought. However, due to the 
complexity of a plant stress response, the specific functions of many of these genes have yet to be 
identified (Debnath et al., 2011). It is known that some drought-inducible genes, encode proteins 
such as chaperones, mRNA-binding proteins, osmolyte biosynthesis enzymes, proline and sugar 
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transporters, proteins with regulation of signal transduction roles, proteases and enzymes for 
detoxification (Shinozaki and Yamaguchi-Shinozaki, 2007). Yamaguchi-Shinozaki et al. (1992) 
reported a number of independent cDNAs coding for drought-inducible proteins in Arabidopsis. 
These genes are called responsive to dehydration (RD) genes. Expression of three of these genes 
RD29A, RD29B (Yamaguchi-Shinozaki and Shinozaki, 1994.) and RD26 (Fujita et al., 2004) was 
also induced by exogenous ABA and other abiotic stress conditions such as salinity and low 
temperature. Therefore, expression analysis of these genes has been widely used as abiotic stress 
markers in plants (Neves-Borges et al., 2012). It has been suggested that these stress marker genes 
function in the ABA response to abiotic stress or a change in cell osmotic potential (Yamaguchi-
Shinozaki and Shinozaki, 1994; Fujita et al., 2004).  
 
1.5. Salinity stress 
High salinity is one of the most severe environmental stresses effecting croplands 
worldwide (Debnath et al., 2011; Shavrukov, 2013). Salt stress is a term used for any kinds of 
salinity to which plants are exposed; however the major salt component affecting plants is NaCl 
(Shavrukov, 2013). Salinity can be caused by natural, or primary, reasons that result from 
accumulation of salts through natural processes over a long period of time. Secondary, or human-
caused salinity is the result of unbalanced hydrology of the soil resulting from human activity 
(Parihar et al., 2015).  
Salinity stress induces osmotic and ionic stresses in plants. Osmotic stress is the first 
component of salt stress that occurs immediately after contact of the root with unfavourable levels 
of salt in the soil (Shavrukov, 2013). The osmotic potential of salt in the soil decreases the ability 
of the plant to take up water.  Osmotic stress is also the first stage of drought stress which similarly 
leads to accumulation of osmolytes and a change in stomatal conductance (James et al., 2008). 
Therefore, in cases of cellular and metabolic changes, drought and salinity have many responses 
in common (Parihar et al., 2015). When cells characterize the relative differences in their osmotic 
pressure with the outside environment, osmotic stress occurs. Plants under osmotic stress adjust 
the osmotic potential inside and outside of their cells.  There are different mechanisms for plants 
to sense the change in turgor pressure. Some examples of these mechanisms are: activation of 
kinase receptors, accumulation of compounds involved in deactivation of nonselective cation 
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channels and increasing plasma membrane proteins responsible for enhancing Ca2+ influx 
(Julkowska and Testerink, 2015).  
The second component of salt stress is ionic stress which follows the osmotic response 
with a time delay. The delay is because of the time that is needed for Na+ ions to reach a toxic 
concentration in the cytoplasm (Shavrukov, 2013). An ionic stress follows an osmotic stress when 
the level of cytoplasmic Na+ ions rises to toxic levels (Shavrukov, 2013). It is suggested that ionic 
stress is signaled through the salt overly sensitive (SOS) signaling pathway. Under an excess 
amount of Na+, the SOS pathway triggers a Ca2+ signal in the cytoplasm that results in a broad 
change in expression and activity of ion transporters (Zhu, 2002). The SOS pathway has three 
components in Arabidopsis. SOS1 controls the transport of Na+ from roots to shoots, SOS2 is a 
protein kinase and probably is part of signaling network between the salt stress response and ROS, 
and SOS3 acts as a calcium-binding protein, with a role as a sensor of salt stress and excess 
cytoplasmic ions. (Ji et al., 2013).  
Seed germination is a critical stage of a plant’s life cycle and an important stage for 
ensuring seedling establishment and early plant growth. When seeds are planted under severe 
saline conditions, they cannot imbibe water due to the lower osmotic potential of the media 
containing salt. This will affect protein metabolism, hormonal balance and disturb the metabolic 
and physiological processes of the plant (Dantas et al., 2007; Parihar et al., 2015). During growth, 
salinity stress has a highly impact on plant growth rate. The effect of salinity on plants can occur 
through a two-phase process. First, Na+ and Cl- ions increase in plant cells and osmotic stress 
occurs. Consequently, shoot growth and leaf expansion is reduced and the formation of lateral 
buds is inhibited. Secondly, harmful amounts of these ions, mainly Na+, accumulate in plant leaves 
and inhibit photosynthesis. Na+ is the principal ion causing physiological harm, it impairs stomatal 
regulation by disturbing the uptake of K+ while it also disturbs the turgor pressure, pH and the 
activity of cytoplasmic enzymes (Tavakkoli et al., 2011; Parihar et al., 2015).  
ABA increases in plants in response to salinity stress. The increase in ABA level activates 
ABA-dependent protein kinases and these proteins target transcription factors. In turn, the 
transcription factors regulate the expression of genes involved in cellular detoxification pathways, 
acclimation responses and osmotic protection mechanisms (Deinlein et al., 2014). In response to 
salt stress, organic osmolytes such as proline, polyamines and glycine betaine accumulate in cells 
to maintain the intercellular osmotic potential and prevent salt damage (Verslues et al., 2006). 
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Furthermore, some of these osmolytes have been proposed to contribute in recovery from salinity 
stress. For example, during recovery, proline plays a role as a signalling molecule in the regulation 
of cell proliferation, cell death and stress-recovery gene expression (Szabados and Savoured, 
2010). 
 
1.6. Purine-derived ureide metabolism 
In 1838, Liebig and Wohler showed that ureides could be considered as the derivatives of 
the acylation of urea (Pope, 1919). Between 1882 and 1906, Emil Fischer showed that adenine and 
xanthine (from vegetables), uric acid and guanine (from animal excretion) and caffeine, all belong 
to one homogeneous family named purines and they could be derived from each other. Since then, 
various hydroxyl and amino derivatives of the heterocyclic aromatic compound, purine, have been 
identified (Rosemeyer, 2004; Legraverend and Grierson, 2006). Purines are known to be the most 
widely distributed nitrogenous heterocyclic structure in nature (Rosemeyer, 2004).  
In most primates, including humans, uric acid is the major end product of purine 
metabolism because they lack uricase to further oxidize urate (Serventi et al., 2010). In fact, uric 
acid is excreted as a waste material because mammalian cells are only capable of partial 
degradation of purines. In contrast, nitrogen is a main limiting nutrient for plant growth and plants 
degrade purines completely to recapture the nitrogen, using it to synthesize other nitrogenous 
compounds (Montalbini, 1992; Stasolla et al., 2003; Werner and Witte, 2011). In plants, recycling 
purines through metabolic remobilization of nitrogen from source organs (ex: old leaves) to sink 
organs (ex: seeds) recycles nitrogen within the plant (Werner and Witte, 2011).  
Ureide metabolism in Arabidopsis begins with the generation of xanthosine from 
guanosine by a guanosine deaminase (E.C. 3.5.4.15), followed by hydrolysis of xanthosine to 
xanthine via a nucleoside hydrolase (Dahncke and Witte, 2013). Xanthine is the first compound in 
ureide metabolism and subsequently it is oxidized to uric acid by xanthine dehydrogenase (XDH; 
E.C. 1.17.1.4) (Figure 1.1) (Triplett et al., 1982). In Arabidopsis, two xanthine dehydrogenase 
genes (XDH1 and XDH2) have been identified and cloned (Hesberg et al., 2004). Uricase (urate 
oxidase, UO; E.C. 1.7.3.3) converts uric acid to 5-hydroxyisourate (5-HIU) (Hanks et al., 1981; 
Ramazzina et al., 2006). In the reaction that 5-HIU is metabolized to allantoin, a 2-oxo-4-hydroxy-
4-carboxy-5-ureido-imidazoline (OHCU) intermediate and one molecule of CO2 is released. In 
Arabidopsis, this is accomplished by a single bifunctional enzyme, allantoin synthase (ALNS; E.C. 
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4.1.1.97; 3.5.2.17) (Kim et al., 2007; Lamberto et al., 2010; Pessoa et al., 2010). The breakdown 
of allantoin to allantoate, is catalyzed by allantoinase (ALN; E.C. 3.5.2.5) (Yang and Han, 2004) 
and allantoate is metabolized to ureidoglycine by allantoate amidohydrolase (AAH; E.C. 3.5.3.4) 
and resulting one CO2 and one molecule of ammonia (Todd and Polacco, 2006; Werner et al., 
2008). Ureidoglycine is degraded to ureidoglycolate and a molecule of ammonia by ureidoglycine 
aminohydrolase (UGlyAH; E.C. 3.5.3.26) (Serventi et al., 2010) and in the final step, 
ureidoglycolate is finally hydrolyzed to glyoxylate, CO2 and two molecules of ammonia by 
ureidoglycolate amidohydrolase (UAH; E.C. 3.5.1.116) as well as a non-enzymatic reaction 
(Werner et al., 2010). Figure 1.1 shows the metabolism of ureides in plants. Oxidation of xanthine 
to uric acid takes place in the cytosol. The enzymatic steps that convert uric acid to allantoin occur 
in the peroxisome. The rest of the reactions to the end product, glyoxylate, occurs in the 
endoplasmic reticulum (Werner and Witte, 2011).  
 
1.6.1. Ureide transporters 
Ureides are important compounds in nitrogen transportation in plants. Identification and 
functional analysis of their transporters is important as ureides are likely to play roles in plant 
growth, reproduction, metabolic regulation and nitrogen transportation. However, currently only 
a few ureide transporters have been studied in plants (Tegeder, 2014).  
Initially, a transporter of adenine and guanine, named AtPUP1, was assumed to transport 
purine derivatives in Arabidopsis (Gillissen et al., 2000). Argyrou et al., (2001) reported that the 
Lpe1 (leaf permease1) transporter with a function in chloroplast development is involved in 
transportation of uric acid and xanthine in maize. Desimone et al. (2002) reported the first 
transporter of allantoin in plants as AtUPS1 in Arabidopsis. UPS1 is from a protein superfamily 
all of which have a number of predicted membrane-crossing domains. This family consists of five 
conserved members that are also present in other plant species including rice, tomato and cowpea 
(Desimone et al., 2002). Xanthine, uric acid as well as the oxo-derivation of the purine or imidazol 
rings (nitrogen compounds with similar heterocyclic feature) were suggested as putative AtUPS1 
substrates (Desimone et al., 2002). Following this report, PvUPS1 was found to be the allantoin 
transporter in nodules of a legume plant, common bean (Phaseolus vulgaris) (Pelissier et al.,  
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Figure 1.1. The main steps of ureide biosynthesis and catabolism in Arabidopsis in cytosol, 
peroxisome and endoplasmic reticulum. Arrows show the direction to the conversion of each compound 
to the next compound by ureide metabolic enzymes. Four NH3 molecules and three molecules of CO2 are 
released in the pathway. The enzymes are shown in blue boxes; as: XDH, Xanthine Dehydrogenase; UO, 
Uricase; ALNS, Allantoin Synthase; ALN, Allantoinase; AAH, Allantoate Amidohydrolase; UGlyAH, 
Ureidoglycine Aminohydrolase; UAH, Ureidoglycolate Amidohydrolase; NH3, Ammonia  
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2004). PvUPS1 is able to transport allantoin, uric acid and xanthine but not the downstream 
products of allantoin including allantoate and urea. However, allantoin seems to be the 
predominant substrate for PvUPS1 and the other ureide metabolites probably are not main 
substrates of UPS1 in beans. It remains to be determined if xanthine and uric acid are transported 
by PvUPS1 and whether their transportation varies with physiological conditions (Pelissier et al., 
2004). Regarding the transport mechanism of AtUPS1, available data suggest a transportation 
without ATPase activity. However, since both AtUPS1 and PvUPS1 have a conserved motif for 
ATP binding, further studies are needed to address the function of this motif (Desimone et al., 
2002; Pelissier et al., 2004). 
In 2012, Collier and Tegeder reported that GmUPS1-1 and GmUPS1-2 are transporters of 
both allantoin and allantoate in roots of soybean (Glycine max L.). The genes coding these two 
similar proteins might be a product of gene duplication in soybean (Schmutz et al., 2010). The 
GmUPS1-1 and GmUPS1-2 are localized in the plasma membrane of soybean cells (Collier and 
Tegeder, 2012).  
On a cellular level, it is still not known if uric acid enters peroxisomes through selective 
channels or via specific transporters. It is also unknown how allantoin is translocated to the 
endoplasmic reticulum. There are several possibilities including transport through the cytosol 
using transporters or maybe through peroxisome to endoplasmic reticulum vesicles (Werner and 
Witte, 2011).  
 
1.7. Historical Overview of ureides in plants 
 
1.7.1. 1930s-1970s 
The earliest documentation of ureides allantoin and allantoate as nitrogenous compounds 
in plants was in 1938 by Brunel and Echevin (cited by Thomas and Schrader, 1981). That ureides 
are generated from purine degradation in plants has been well documented (Tracey, 1955). 
Between 1952 and 1956, a group of German scientists studied the physiological role of ureides, 
allantoin and allantoate in a number of plant species. First, they found high amounts of ureides, 
allantoin and allantoate in roots and stems of some plants like the herbal medicine, Comfrey 
(Symphytum officinale L.) from the Boraginaceae family, a few trees and shrubs from a small 
family of Hippocastanaceae, maple from Aceraceae (or Maple family) and various number of 
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plants from Leguminous (or Fabaceae family) (Mothes and Engelbrecht, 1952; as cited by Mothes, 
1961). It was suggested that in these plants, ureides are mainly found in xylem and they transform 
to proteins and amino acids in the growing tips during spring and then remobilize from leaves to 
the storage organs in autumn (Mothes and Engelbrecht, 1952, 1954; as cited by Mothes, 1961). 
Interestingly, higher levels of ureides were observed in response to dark treatment of detached 
Phaseolus leaves (Mothes, 1956; as cited by Mothes, 1961). In addition, when these darkened 
leaves were kept at high temperature (e.g., 32ºC), the ratio of ureides to amides increased 
significantly compared to 4ºC. Therefore, the authors suggested that ureide and amide formation 
and their ratio follows a specific carbohydrate economy (Mothes, 1956; as cited by Mothes, 1961). 
In another experiment, detached Phaseolus leaves treated with auxin resulted in formation of a 
root system. Large amount of allantoin was generated from uptake of nitrogen by roots which then 
was delivered to the growing leaves (as source of nitrogen). The same pattern was observed in cut 
off leaves of comfrey (Symphytum genus from Boraginaceae family) where ureides were 
accumulated more than 100 times in response to nitrogen shortage in the growing detached tissue 
(Mothes and Engelbrecht, 1956; as cited by Mothes, 1961). Bollard (1956) reported the presence 
of ureides in the xylem sap of plant species from 23 families. Low levels of ureides were found in 
some of these species but in others (ex. Acer and Persea genera) a high levels of ureides, mainly 
allantoate was observed. Mothes (1961) suggested that ureides might have a main role in 
translocation of nitrogen from roots in plants. In 1962, all the available information about ureides 
were summarized by Reinbothe and Mothes, underlining the importance of allantoin and 
allantoate’s role in the metabolism of some plants by translocation and storage of nitrogen.  
 
1.7.2. 1970s- 1995: Ureides in tropical legumes 
Although ureides had already been identified in higher plants, the accumulation of allantoin 
in legumes was first reported in soybean roots and nodules by Ishizuka et al. (1970). However, 
non-nodulated soybean plants only had low levels of allantoin (Ishizuka et al., 1970; Matsumoto 
et al., 1975). In N2-fixing legumes, organic nitrogen generated from symbiotic N2 fixation by soil 
bacteria and root nodules can be transported to the xylem either as amides or ureides. Ureides were 
found to be the dominant transporting compounds in many tropical legumes (Atkins et al., 1982). 
Various research showed the accumulation of ureides in different legumes and indicated this 
nitrogen metabolism in a group of tropical legumes including Glycine, Vigna and Phaseolus spp. 
24 
 
(Rawsthorne et al., 1980; Shelp et al., 1983., Peoples et al., 1985; Schubert, 1986; Corby, 1988; 
Kouchi and Higuchi, 1988; Day and Copeland, 1991; Streeter, 1992). Christensen and Jochimsen 
(1983) reported higher activity of ureide synthesis enzymes in soybean compared to pea as 
expected considering the very high levels of ureides in xylem sap of the ureide transporter legume, 
soybean. Later, ureide metabolism was specifically studied in soybean leaves (Shelp and Ireland, 
1985) and shoots (Shelp and Da Silva, 1990) to indicate the path of ureide assimilation and organ 
specific distribution/translocation of ureides, respectively. In 1997, a taxonomic and evolution 
study of all legumes using the phylogeny of a chloroplast-encoded gene (ribulose-1-5-
bisphosphate carboxylase/oxygenase, rbcL) showed that all legumes with high levels of ureides 
belong to a group of legumes called tropical legumes. In all other legumes, translocation of the 
fixed nitrogen was limited to amides (Doyle et al., 1997).  
 
1.7.3. 1995-2005: Ureides in tropical legumes under water stress 
In the second half of the 1990s, accumulation of allantoin and allantoate under drought and 
water-limitation stress was reported in nodules and shoots of a number of ureide transporting 
legumes (Sinclair and Serraj, 1995; Serraj and Sinclair, 1996; Serraj et al., 1999). The reports 
suggested that high levels of ureide was the result of nitrogen fixation inhibition under drought. 
These observations were in parallel with a previous report on the effect of allopurinol, an inhibitor 
of XDH, on reducing the metabolism of ureides in soybean (Fujihara and Yamaguchi, 1978). 
Vadez et al. (2000) reported that asparagine or/and ureides might be involved in the inhibition of 
nitrogen fixation in these legumes. This hypothesis was supported by Purcell et al. (2000) when 
drought tolerant soybean plants accumulated less ureides in leaves than drought sensitive plants 
under both well-watered and drought conditions. In general, since drought stress prevents nitrogen-
fixation in soybean, it was proposed that ureide accumulation is the feedback of nitrogen fixation 
inhibition in nodules under unfavorable environment conditions (Vadez et al., 2000; Serraj et al., 
2001).  
 
1.7.4. After 2005: Ureides and nitrogen fixation under abiotic stress 
The link between ureide accumulation and suppression of nitrogen fixation under stress 
was questioned when increased concentrations of ureides are observed in both nodulated and non-
nodulated soybean subjected to drought stress (King and Purcell, 2005). Following this, 
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accumulation of ureides was reported in nodules of both tolerant and sensitive cultivars of soybean 
at the late stage of drought (Ladrera et al., 2007). However, during early drought stress, no 
accumulation of ureides was detected in the leaves. The authors concluded that the levels of ureide 
in leaves is not relevant to nitrogen fixation inhibition under drought. But they might have a role 
in the late stage of a severe drought which has still to be explained (Ladrera et al., 2007). Alamillo 
et al. (2010) observed that ureide concentration was enhanced in common bean on day 7 and then 
more so on day 14 after drought treatment, whereas for example nitrogen fixation was inhibited 
50% on day 7 of withholding water. This observation and the increased number of senesced 
nodules after withholding water led researchers to consider the possibility of ureide accumulation 
even in the absence of functional nodules. Therefore, they tested the effect of water stress on ureide 
level of nodulated and non-nodulated common bean plants and found an increase in ureide content 
in root, leave and shoot tissues in both types of plants (Alamillo et al., 2010). Coleto et al. (2014) 
reported the accumulation of ureides in shoots and leaves of common bean (Phaseolus vulgaris) 
and not in the nodules under prolonged drought condition. In their study, higher concentrations of 
ureides in aerial parts of the plants were found days after the senescence of nodules in very 
sensitive genotypes under drought stress (Coleto et al., 2014). Taken together, it was suggested 
that ureide accumulation is uncoupled from nitrogen fixation and could be a general stress response 
in legumes (Alamillo et al., 2010; Coleto et al., 2014). Since 2005 and especially during the last 
couple of years, accumulation of ureides has been observed in a number of non-legume plants 
under various abiotic stress conditions, questioning the relevance of ureide accumulation to 
nitrogen fixation under stress.   
 
1.7.5. Ureides in non-legume plants under abiotic stress 
Accumulation of allantoin has long been recognized in the well-known medicinal plant, 
comfrey (Symphytum officinale L.), and this compound has been suggested to contribute to the 
pharmacological effects and medical efficacy of comfrey (Sousa et al., 1991; cited by Mazzafera 
et al., 2008). Castro et al. (2000) reported that the accumulation of allantoin increased in comfrey 
roots in response to long photoperiod. Increasing the photoperiod from 8 to 12, 16 and 20 hours 
per day, resulted in an increase in the concentration of allantoin in roots 60 days after the 
treatments. Ureides were reported to accumulate under prolonged dark treatment in Arabidopsis 
(Brychkova et al., 2008). Dark treatment did not modify the level of xanthine but it increased the 
26 
 
concentration of allantoin and allantoin significantly. Dark treatmnet increased the transcript levels 
from genes coding for uriede synthesis (e.g. XDH1 and UO) and decreased the transcription of 
genes encoding enzymes that catabolize ureides (e.g. ALN and AAH) (Brychkova et al., 2008). 
Malik et al. (2016) reported that Eutrema salsugineum plants grown under high light had 2.5-fold 
more total ureides (allantoin, allantoate, ureidoglycolate and glyoxylate) compared to plants grown 
under moderate light.  
There has been some indication that allantoin is involved in dehydration stress or drought 
response in plants. Higher levels of allantoin were observed in Arabidopsis seedlings exposed to 
dehydration shock (Watanabe et al., 2014a). In rice, the concentration of allantoin was found to be 
positively correlated with the drought tolerance of the genotypes (Degenkolbe et al., 2013). Oliver 
et al., (2011) investigated the stress metabolic response of desiccation tolerant genotypes of 
Sporobolus (a species from grass family) compared to the desiccation sensitive genotype. Under 
full hydration conditions, the desiccation tolerant genotype (Sporobolus stapfianus) had eight-fold 
more allantoin than the sensitive one (Sporobolus pyramidalis). Under dehydration stress, allantoin 
accumulated to high levels in the desiccation tolerant plants mainly during late stages of stress 
(Oliver et el., 2011). Yobi et al. (2013) suggested that allantoin has a role in desiccation survival 
and recovery in Selaginella lepidophylla (a desiccation tolerance species of spike moss which has 
the ability to survive a full desiccation state) since it was significantly more abundant in plants 
under partial or fully dehydrated conditions (Yobi et al., 2013).  
Recently, a number of studies reported that salt stress increases the ureide level in plants. 
Nam et al. (2015) observed a high accumulation of allantoin in rice roots in response to long-term 
mild salt stress. High accumulation of allantoin was also observed in rice seedling roots in response 
to salt and salt/ABA treatments (Wang et al., 2016). Significant amounts of allantoin and allantoate 
were also observed in the halophyte plant, Salicornia europaea L. (Ventura et al., 2010). 
Following this observation, Ventura et al. (2014) further detected higher accumulations of 
allantoin and allantoate in a few genotypes of the halophyte plant, Crithmum maritimumin, in 
response to irrigation with 50 and 100 mM NaCl.  
The level of allantoin in rice grains of different genotypes showed a positive correlation 
with seedling survival under low temperature and drought stress (Wang et al., 2012). A positive 
correlation between levels of allantoin and hydrogen peroxide as well as the level of root damage 
in rice exposed to zinc deficiency or excess bicarbonate has been reported (Rose et al., 2012). 
27 
 
Table 1.1 summarizes the main reports in non-legume plant species that contained higher levels of 
ureides under a variety of abiotic stresses.  
 
1.8. Putative functions of ureides during plant stress 
The end product of purine metabolism in humans, uric acid, is an endogenous antioxidant. 
It is well known that uric acid has beneficial effects in human cells because of scavenging harmful 
radicals (Grune et al., 2005). Due to the loss of activity of uricase which is the enzyme that converts 
uric acid to allantoin, uric acid is the end product of purine metabolism in humans. Lack of ability 
to metabolize uric acid has been considered to be a result of evolutionary selection of uricase 
mutants in human which probably represents the antioxidant function of uric acid (Wu et al., 1992). 
As a hypothesis, similar to the other purines, uric acid is a strong electron donor and its 
concentration in hominids may enhance the defense against oxidative stress conditions (Proctor, 
1970). Uric acid has been found to be one of the most capable water-soluble antioxidants in human 
plasma (Yeum et al., 2004). It has been reported that singlet oxygen (1O2) can be scavenged more 
effectively by urate than other antioxidants, such as ascorbate, in plasma (Ames et al., 1981). In 
humans, allantoin is formed by the non-enzymatic oxidation of uric acid probably in response to 
high level of some ROS like hydrogen peroxide. When human disease is associated with elevated 
oxidative stress, the higher oxidative turnover of uric acid results in an increased amount of 
allantoin in plasma (Kandar, 2016). During the last decade, clinical studies on human disease have 
proposed that the non-enzymatic formation of allantoin may be a sensitive biomarker of oxidative 
stress in vivo. Therefore, allantoin has been suggested to be a useful indicator of oxidative stress 
with potential clinical applications (Yardim-Akaydin et al., 2006; Kandar and Kova, 2008; 
Il'yasova et al., 2010). Gus’kov et al. (2001) investigated the effect of allantoin on SOD and CAT 
antioxidant enzymes using nonpurebred withe male rats that were injected with allantoin before 
exposure to an elevated pressure of oxygen (hyperbaric oxygenation) to induce oxidative stress. 
Pretreatment with allantoin positively affected the activity of antioxidants indicating that allantoin 
may have the ability to modulate or induce the activity of these antioxidant enzymes under 
oxidative stress situations (Gus’kov et al., 2001). 
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Table 1.1. High ureide concentration in non-legume plants under various abiotic stresses presented 
in order of discovery. 
 
Plant species Abiotic stress Ureide 
compound(s) 
Reference 
Arabidopsis thaliana Prolonged darkness  Allantoin, Allantoate Brychkova et al., 
(2008) 
Sporobolus stapfianus and 
Sporobolus pyramidalis 
Desiccation Allantoin Oliver et al., (2011) 
Rice (Oryza sativa) Zinc deficiency and excess 
bicarbonate 
Allantoin Rose et al., (2012) 
Coffee (Coffea arabica) High light Allantoin Pompelli et al., (2013) 
 
Selaginella lepidophylla Desiccation Allantoin Yobi et al., (2013) 
 
Rice (Oryza sativa) Drought Allantoin Degenkolbe et al., 
(2013) 
Arabidopsis thaliana Dehydration   shock Allantoin Watanabe et al., 
(2014a) 
Crithmum maritimumin Salinity Allantoin, Allantoate Ventura et al., (2014) 
 
Rice (Oryza sativa) Salinity Allantoin Nam et al., (2015) 
 
Rice (Oryza sativa) Salinity Allantoin Wang et al., (2015) 
 
 
Eutrema salsugineum 
 
High light 
Allantoin, 
Allantoate, 
Ureidoglycolate, 
Glyoxylate 
 
Malik et al., (2016) 
Arabidopsis thaliana Salinity Allantoin Lescano et al., (2016) 
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Regarding plants, the possibility of involvement of ureides in ROS scavenging was first 
reported by Brychkova et al. (2008). Ureides, allantoin and allantoate were suggested to act as cell 
ROS protectants in response to prolonged dark treatment since their exogenous application 
decreased ROS accumulation in Arabidopsis leaves (Brychkova et al., 2008). Brychkova et al. 
(2008) also showed that mutation of the first enzyme of the ureide metabolism pathway, XDH1, 
resulted in increased premature senescence, higher levels of ROS and enhanced chlorophyll 
degradation in leaves. Watanabe et al. (2010) reported that the simultaneous silencing of XDH1 
and XDH2 in RNAi (RNA interference) transgenic lines of Arabidopsis, negatively influenced 
seedling biomass as well as cell survival rate under drought stress. Transgenic plants also 
accumulated higher levels of H2O2 than wild-type, suggesting that the intermediates of ureide 
metabolism might provide an antioxidative mechanism (Watanabe et al., 2010). The same 
transgenic lines exhibited significantly more sensitivity to oxidative stress compared to wild-type 
when germinated under superoxide-generating paraquat containing media (Watanabe et al., 
2014b). Higher concentrations of a number of compounds including allantoin were found in rice 
roots under a combination of both zinc deficiency and high bicarbonate concentration. The increase 
in concentration of allantoin showed a positive relationship with an increase in hydrogen peroxide 
level as well as root damage, indicating a likely role for allantoin in ROS production and/or 
response (Rose et al., 2012). Wang et al. (2012) reported that allantoin did not serve as an 
antioxidant and did not have significant effect on scavenging free radicals in vitro.  
On the other hand, Watanabe et al. (2014a) reported that increased levels of allantoin 
elevates ABA levels, and as a result, increases stress tolerance in Arabidopsis. In fact, a possible 
regulatory role was proposed for allantoin to effect ABA production in Arabidopsis in response to 
stress conditions (Watanabe et al., 2014a). Later, this group also reported that purine degradation 
metabolites may have stress response roles by other mechanisms. Exogenous application of both 
uric acid and allantoin increased the mRNA levels of the proline biosynthesis enzyme, P5CS, in 
wild-type Arabidopsis in the absence of abiotic stress (Watanabe et al., 2014b). Since proline is a 
cellular protectant under stress, it was suggested that uric acid and allantoin or their metabolites 
might contribute to plant acclimation to environmental changes (Watanabe et al., 2014b).  
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1.9. Research questions  
The overall aim of my Ph.D. research was to study ureide metabolism in response to abiotic 
stress in Arabidopsis thaliana. The objective of my thesis is to address the following research 
questions and test the associated hypotheses:  
1. Ureide accumulation under abiotic stress. Ureide (allantoin and allantoate) 
accumulation in nitrogen-fixing legumes under drought stress had been reported abundantly. 
Several reports suggested that increased levels of ureides in these legumes is associated with 
nitrogen fixation inhibition in the nodules under drought (Serraj et al., 1999; Vadez et al., 2000; 
Serraj et al., 2001). However, a number of reports and results presented by Alamillo et al. (2010), 
questioned the involvement of ureides in nitrogen fixation inhibition. Alamillo et al. (2010) 
suggested that accumulation of ureides in common bean under drought stress is ageneral plant 
response to stress that is probably regulated at the transcriptional level. Higher levels of ureides 
were also found in wilde-type Arabidopsis in response to dark stress and senescence treatments 
(Brychkova et al., 2008). These reports lead to the question: does ureide level increase in 
Arabidopsis under abiotic stress conditions? I hypothesize that environmental stresses will increase 
the level of some ureide compounds and a result the expression of related genes in Arabidopsis. 
Therefore, I investigated the changes in concentration of ureides and expression of ureide genes in 
wild-type Arabidopsis in response to abiotic stresses. The abiotic stresses that were used for this 
purpose were drought, increased light intensity in mature plants and NaCl/mannitol treatments in 
seedlings.  
2. The role of ureide metabolic enzymes during abiotic stress. Increased levels of ROS 
have been detected in XDH-suppressed Arabidopsis mutants after exposure to drought. However, 
when plants were subjected to the medium supplemented with uric acid, the mutant phenotype was 
indistinguishable from that of wild-type plants (Watanabe et al., 2010). Therefore, it was suggested 
that the metabolites of ureide metabolism play a role in drought acclimatization of Arabidopsis 
(Watanabe et al., 2010). This lead to the question: are mutants in various ureide metabolic genes 
more sensitive or tolerant to abiotic stress? I hypothesize that mutation (T-DNA insertion mutants) 
in ureide metabolic enzymes results in different phenotypes under abiotic stress when compared 
to wild-type plants. My prediction is that mutants in ureide biosynthesis (xdh and uo) will show a 
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sensitive phenotype due to lack of allantoin and allantoate accumulation. But the mutants in ureide 
catabolism (aln and aah) will show a tolerant phenotype due to ureide accumulation. Therefore I 
screened and isolated a number of homozygous T-DNA knock-out lines deficient in ureide 
metabolic enzymes and assessed their response to the abiotic stress conditions listed above.  
3. Stress response of aln mutants with high levels of allantoin. When Arabidopsis 
mutants of XDH1 were treated under dark stress, they showed higher levels of ROS and increased 
mortality rate in comparison to wild-type plants. However, the amount of ROS and mortality rate 
were decreased in the mutants in the presence of exogenous allantoin and allantoate (Brychkova 
et al., 2008). This report and the preliminary observations of the previous hypothesis of the present 
research, lead to the question: does allantoin increase abiotic stress tolerance in Arabidopsis? I 
hypothesize that T-DNA insertion mutant, Ataln, that accumulate high levels of allantoin exhibit 
higher abiotic stress tolerance and less accumulation of ROS in comparison to wild-type. I tested 
the tolerance of Ataln seedlings to NaCl and adult plants to drought and increased light stresses 
compared to the wild-type using a number of physiological measurements. I also measured O2
- 
and H2O2 levels in mutant and wild-type leaves under drought stress. Further, I hypothesized that 
an exogenous application of allantoin will increase wild-type seedling tolerance to NaCl stress. 
This hypothesis was tested by exogenous application of two concentrations of allantoin to 100 mM 
NaCl plates.  
Overall, this dissertation contains five sections in the result section, Chapter 3. In the first 
section of the results (3.1), I have explained the characterization of homozygous T-DNA insertion 
mutants of the ureide metabolic enzymes and phenotypic comparison of the mutants with wild-
type plants under some abiotic stress conditions such as increased light. In parts 3.2 and 3.3, I have 
covered the results of drought and increased light intensity experiments. In section 3.4, the ureide 
concentration and gene expression in wild-type seedlings exposed to NaCl and mannitol treatments 
is shown. In the final two result parts, I have described the response of Ataln seedlings to NaCl 
stress (3.5) as well as the effect of exogenous application of allantoin on tolerance of wild-type 
Arabidopsis seedlings to NaCl stress (3.6). 
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CHAPTER 2. MATERIALS AND METHODS 
2.1. Plant material and growth conditions 
Arabidopsis thaliana ecotype Columbia (Col-0) was used as wild-type plant material in all 
of the experiments in this research. Arabidopsis seed sterilization and growth conditions were 
based on procedures suggested by the Arabidopsis Biological Resource Center (ABRC, Columbus, 
OH, USA; https://abrc.osu.edu). Seeds were sterilized for 8 min in commercial bleach (Sodium 
hypochlorite) containing 0.05% (w/v) Tween-20 and then rinsed 3 times with sterile water. In all 
of the experiments, half-strength Murashige-Skoog (MS) was used to germinate seeds. The media 
contained Murashige-Skoog basal salts (PhytoTechnology Laboratories, KS, USA), 0.8% (w/v) 
agar (Sigma, St. Louis, MO, USA) and 1% (w/v) sucrose (BioShop, Burlington, ON, Canada) 
(Murashige and Skoog, 1962). The pH of MS media was adjusted to 5.7. To adjust the pH of media 
or solutions to the desired pH, a pH-meter (SevenEasy, Mettler Toledo, USA) and 1 M NaOH or 
1 M HCl was used.  
Disposable sterile round (100 x 15 mm) or square (100 x 100 x 15 mm) petri dishes (VWR 
International, Mississauga, ON, Canada) were used for the experiments using plates. After plating 
the seeds or seedlings, the petri dishes were sealed with Parafilm (BEMIS, USA) to prevent 
contamination. Seedlings were considered germinated when the radical emerged from the seed 
coat. Therefore, day 1 of germinated seeds in all of the experiments refers to the day that the radical 
was visible from the seed coat. Plates (petri dishes) were kept at 4°C in the dark for 2 days and 
then placed in a growth chamber (Conviron, Winnipeg, MB, Canada) with a 16/8 h light/dark 
cycle, a photosynthetic photon flux density (PPFD) of 100 μmol (photons) m–2 s–1 and constant 
22°C temperature. If seedlings required transfer to soil, 7 days after their germination on MS, they 
were transferred to square plastic 6 cm (100 mL volume) or 10 cm (350 mL volume) pots 
containing Sunshine Mix#1 Professional Growing Mix (Sun Gro Horticulture Inc, Vancouver, 
BC). The pots were placed under normal growth conditions (PPFD of 100 μmol m–2 s–1, 16/8 h 
light/dark cycle, 22°C temperature) or other specific conditions based on the specific experiment, 
described in sections 2.3.1 and 2.3.1. The described growth chamber conditions above are within 
the range of optimal growth conditions for Arabidopsis according to ABRC. Thus, in this thesis it 
is referred to as Arabidopsis standard growth condition.  
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Rosette leaves were collected from fully expanded leaf tissue in the same developmental 
stage for each experiment. In early experiments, the length of the primary root of seedlings was 
measured using a ruler and later, photograph of plates were taken and the accuracy of 
measurements were checked with ImageJ (Schneider et al., 2012; http://imagej.nih.gov/ij/). The 
fresh (FW) or dry weight (DW) of tissues or seedlings were measured with an auto-calibrating 
analytical balance (Mettler-Toledo GmbH, Switzerland). If the samples needed to be freeze dried, 
they were frozen, then placed in a freeze drier (Labconco Freezone, USA) overnight to remove 
water from the frozen samples under vacuum.  
 
2.2. T-DNA insertion mutant lines 
T-DNA insertion mutants for sequences coding the desired ureide metabolism enzymes 
were identified using the T-DNA express Arabidopsis gene mapping tool 
(http://signal.salk.edu/cgi-bin/tdnaexpress). Seed stocks were obtained from the Arabidopsis 
Biological Resource Center (ABRC) for T-DNA insertions in the XDH1 (At4g34890), XDH2 
(At4g34900), UO (At2g26230), ALN (At4g04955), AAH (At4g20070), UGlyAH (At5g17050) and 
UAH (At5g43600) genes. The T-DNA insertion mutant lines which were ordered from ABRC are 
listed in Table B1 (Appendix B). 
 
2.2.1. PCR-based screen  
Homozygous lines for the T-DNA insert were screened by PCR using gene-specific and T-
DNA-specific primers. The SALK T-DNA verification primer design program 
(http://signal.salk.edu/tdnaprimers) was used to pick left and right primers (LP and RP) for each 
line. For the wild-type allele, LP and RP primers were designed on flanking sequences, while for 
the mutant allele one primer was designed from flanking sequence and the other one was designed 
from T-DNA (Figure 2.1). The sequence of all primers designed with the T-DNA primer design 
program and used for screening the T-DNA insertion lines in this study are listed in Table B2 
(Appendix B). 
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Figure 2.1. PCR-based screening of T-DNA insertion mutants.  
N: the difference of the actual insertion site and the flanking sequence position, usually 0 - 300 bps; MaxN: 
maximum difference of the actual insertion site and the sequence, default 300 bps; pZone: regions used to 
pick up primers, default 100 bps; Ext5 and Ext3: regions between the MaxN to pZone, reserved not for 
picking up primers; LP: left, Right genomic primer; BP: T-DNA border primer; LB: the left T-DNA border 
primer. BPos: the distance from BP to the insertion site. The figure and the explanations are taken from: 
(http://signal.salk.edu/tdnaprimers). 
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In this research, the universal T-DNA primer LBb1.3 (ATTTTGCCGATTTCGGAAC) 
was used to screen SALK lines and the LB3 primer 
(TAGCATCTGAATTTCATAACCAATCTCGATACAC) was used to screen SAIL lines. As 
described in Figure 2.1, by using three primers (LBb1.3+LP+RP) for SALK lines, WT (wild-type 
- no insertion) should have a product of about 900-1100 bps (from LP to RP), for HM (homozygous 
lines - insertions in both chromosomes) a band of 410+N bps (from RP to insertion site 300+N 
bases, plus 110 bases from LBb1.3 to the left border of the vector), and for HZ (heterozygous lines 
- one of the pair of chromosomes with insertion) both bands could be detected. To detect 
homozygous lines, the LBb1.3 and LB3 primers were used along with genomic primers for each 
line (Table B2).  
 
2.2.2. DNA extraction 
To screen the T-DNA insertion lines, DNA was extracted from leaf tissue using a modified 
method of Edwards et al. (1991). The DNA extraction buffer was: 250 mM NaCl (Millipore Ltd, 
Etobicoke, ON, Canada), 25 mM EDTA (Sigma, USA), 0.5 % (w/v) SDS (Sigma, St. Louis, MO, 
USA) and 200 mM Tris-HCl (pH 7.5) (VWR). All centrifugation was carried out at room 
temperature. For all of the non-refrigerated centrifugation of this research, an 18 micro-centrifuge 
(Beckman Coulter, ON, Canada) was used. The leaf tissue was ground in 1.5 mL micro-centrifuge 
tubes using 7 cm plastic tissue grind pestles (Fisher Scientific, MA, USA). To this, 500 µL of DNA 
extraction buffer was added and samples were centrifuged at 17,500 g for 5 min. Supernatant (350 
µL) was transferred to fresh 1.5 mL micro-centrifuge tubes containing 350 µL isopropanol. The 
tubes were inverted a few times and then centrifuged for 10 min at 14,000 x g in a bench-top mini-
centrifuge (ManSci Inc., Orlando, Florida). Afterwards, the supernatant was discarded and 100 µL 
sterile ddH2O was added to the pellet. The DNA pellet was re-suspend in the ddH2O by vortexing 
and shaking at room temperature.  
 
2.2.3. PCR conditions 
For all PCRs and RT-PCRs, an Eppendorf thermal cycler (Eppendorf MasterCycle 
Gradient, Germany) was used. For all PCRs the TopTaq DNA Polymerase kit (Qiagen, Germany) 
was used. The final concentration of PCR reagents in the PCR was: 1X PCR buffer, 200 µM of 
each deoxynucleotide, 0.2 µM of each primer, 0.04 units/µL DNA polymerase and 1.5 mM MgCl2. 
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In order to identify homozygous, heterozygous or wild-type T-DNA insertion lines, PCRs 
with DNA samples were carried out with a 96 ºC initial denaturation for 3 min, followed by 35 
cycles consisting of, 94 ºC 30 s, 60 ºC 30 s, 72 ºC 2 min, and a final extension at 72 ºC for 4 min. 
PCR products were visualized on a 1.2% (w/v) agarose (BioShop) gel, run in TAE (1X) buffer and 
stained with ethidium bromide (EtBr; Sigma-Aldrich) using standard procedures (Sambrook and 
Russell, 2001). A PowerPac basic power supply (Bio-Rad, USA) at 60 volts for 45 min was used 
for gel electrophoresis and a BioDoc Transilluminator (UPV, USA) was used for gel imaging. A 
GeneRuler 1 kb DNA ladder (ThermoFisher Scientific Waltham, MA, USA) was used for sizing. 
 
2.2.4. Back cross 
The mutant that showed tolerant phenotype (aln-3), was backcrossed to Col-0 to reduce 
the possibility of the effect of extra T-DNA insertions in the genome. Crossing was done when the 
mother plants (aln-3) had 5-6 inflorescences and the pollen donors (Col-0) started to form siliques. 
First, the mature siliques and open flowers were removed from the mother plants using forceps. A 
magnifier with 10-20x magnification was used for the rest of the procedures. Dissecting forceps 
(Superfine Tip, Straight, 108 mm (41/4") (VWR) were sterilized by 96% ethanol and used for 
crossing. All immature anthers were removed from the mother plants. Open and mature flowers 
from the father plant were used for pollination. Anthers with visible pollen were held with forceps 
and tapped on a recipient stigma. When the stigma was fully covered with pollen, the pollinated 
inflorescence was marked with a thread around the stem. The plants were returned to the growth 
chamber and were allowed to form mature siliques. Seeds were collected from the mature siliques 
and were planted to form mature T1 plants. To identify plants that were heterozygous for ALN, leaf 
tissue of mature BC1 plants was sampled for DNA extraction. PCR-based genotyping was done on 
mature plant leaves to select the desirable offspring genotype. 
The ALN heterozygous plants generated from the first back cross (BC1) were backcrossed 
against Col-0 for a second time. As shown in Figure 2.2, half of the BC2 generation was 
heterozygous and the other half was wild-type for ALN. The segregation ratio of 1/2 heterozygous 
and 1/2 wild-type indicated that the heterozygous seeds are the result of backcross and not self-
fertilization. Again, the PCR-based screen was used to identify the plants with a heterozygous 
genotype for ALN. To obtain homozygous aln plants for the T-DNA insertion, the heterozygous 
BC2 plants were allowed to self-fertilize. As predicted, the genotype of the BC2F1 would be 1/4 
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wild-type, 2/4 heterozygous and 1/4 homozygous. Plants homozygous for the insertion were 
identified by PCR and used for self-fertilization. Figure 2.2 represents the schematic procedures 
of the backcrosses of aln-3 against Col-0. For experiments using the mutant, the BC2F3 generation 
are used.  
 
2.3. Abiotic stress conditions 
2.3.1. Drought 
When seedlings were 7-days old, they were transferred to pots and were allowed to grow 
under standard Arabidopsis growth conditions. When the plants were 4-weeks old, drought stress 
was imposed by withholding water for 12 days. On day 0 (the day before withholding water), pots 
were watered to saturation, then they were allowed to drain and weighed. Withholding water for 
5, 10 and 12 days led to a 56, 77.5 and 78.5 % reduction in pot weight, respectively. Plants were 
re-watered after 12 days and their recovery was monitored.  20-20-20 Plant-Prod® fertilizer (200 
mg L–1; Master Plant-Prod Inc, Ancaster, ON) was added to irrigation water weekly before the 
drought experiment. The FW and DW of the parts above ground (aerial parts of plants) were 
measured on the different time points as mentioned in the result section.  
Soil gravimetric water content (SGWC) of plants under drought stress was measured as 
described by Gaxiola et al. (2001). Individual 6-cm pots with approximately 100 mL of soil, each 
contained a single plant and were weighted on day 0, 5, 10 and 12 after withholding water. At the 
end of drought stress treatment, the pots were dried in a 70 ºC oven overnight and then weighed 
again. Afterwards, the weight of each pot was subtracted from the values measured on day 0, 5, 
10 and 12. SGWC was calculated by dividing the soil water content at each time point by the oven 
dried pot weights.  
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Figure 2.2. Backcrosses of aln-3 against the Col-0. BC1: First back cross generation; BC2: Second back 
cross generation. The first back cross results in all heterozygous genotype. The second back cross results 
in 1:1 ratio of heterozygous and wild-type genotype. The heterozygous BC2 plants were allowed to self-
fertilize. Therefore, in F1, 1/4 wild-type, 2/4 heterozygous and 1/4 homozygous (the ratio of 1:2:1) was 
generated. The homozygous F1 plants were self-fertilized for further experiments. 
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2.3.2. Light treatments 
When seedlings were 7-day-old, they were transferred to pots and allowed to grow for an 
additional 10 days under standard Arabidopsis growth condition. When plants were 17-day- old, 
pots were transferred to moderate or increased light condition growth chambers for an additional 
21 days. Stress conditions were obtained using chambers (Conviron) with a day/night temperature 
(22/10°C) and a light/dark cycle (21/3 h). The two different growth irradiance (determined at soil 
level) were used: moderate-light and increased-light which corresponded to PPFDs of 250 and 750 
μmol m–2 s–1 respectively (Malik et al., 2016). Plants were irrigated with 200 mg L–1 of 20-20-20 
Plant-Prod® fertilizer (Master Plant-Prod Inc) once a week. 
 
2.3.3. NaCl and mannitol treatments 
To examine ureide concentration and gene expression in wild-type seedlings in response 
to salinity and osmotic stresses, NaCl and mannitol were used, respectively. Col-0 seeds were first 
germinated on MS plus sucrose (1%). Three days after germination, seedlings were transferred to 
MS media without sucrose containing 200 mM NaCl (OmniPur, EMD Millipore Canada, 
Etobicoke, Canada) or 250 mM mannitol (USP grade, AMRESCO, Solon, OH, USA) as well as 
control media without NaCl, mannitol and sucrose. Sucrose was removed from MS plates during 
NaCl and mannitol treatments to eliminate the effect of sucrose on seedlings growth and 
development. To detect the effect of exposing seedlings to NaCl and mannitol on ureide 
accumulation and gene expression, the whole seedlings were sampled at different time points 
starting with three days after germination (before stress treatment), then every two hours for the 
first 10 hours after shifting to NaCl or mannitol. The seedlings were also sampled 4 days after 
exposure to NaCl or mannitol stress. After four days, the seedlings usually did not survive under 
each stress treatment.  
 
2.3.4. NaCl tolerance test 
To test the effect of NaCl on germination, Col-0 and aln-3 seeds were germinated on MS 
media (without sucrose) supplemented with 0, 50, 75 and 100 mM NaCl. The number of 
germinated seeds was counted 3 days after transferring to germination permissive conditions (as 
described in section 2.1). Root length was measured and the number of seedlings that developed 
true leaves was counted seven days after seed germination.  
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To test the effect of stress tolerance when Col-0 and aln-3 are shifted to NaCl media, the 
Col-0 and aln-3 seeds were first germinated on MS media plus sucrose for 5 days. The 5 days old 
seedlings were transferred to media supplemented with 100 mM NaCl as well as 0 mM NaCl as 
control (both without sucrose) (Quan et al., 2007). Fresh weight and root length of seedlings were 
measured 9 days after shifting to the new media.  
 
2.3.5. NaCl and exogenous allantoin tolerance test 
To assess the effect of exogenous allantoin application on Col-0 germinated under NaCl 
stress, Col-0 seeds were sown on MS control, 100 mM NaCl, 100 mM NaCl + 0.1 mM allantoin, 
100 mM NaCl + 1 mM allantoin, 100 mM NaCl + 0.1 mM proline and 100 mM NaCl + 1 mM 
proline media. No sucrose was added to these media. Fresh weight and root length of seedlings 
were measured 7 and 10 days after germination. The proline used in these experiments was L-
proline (BDH chemicals, UK).  
To assess the effect of exogenous allantoin application on NaCl stress tolerance of Col-0 
seedlings, Col-0 seeds were first germinated on MS media containing 1% sucrose. 5 days after 
germination, seedlings were transferred to MS control, 100 mM NaCl, 100 mM NaCl + 0.1 mM 
allantoin, 100 mM NaCl + 1 mM allantoin, 100 mM NaCl + 0.1 mM proline and 100 mM NaCl + 
1 mM proline media. None of these media contained sucrose. Seedlings were grown for 9 
additional days in these media, after which fresh weight and root length of 2-week-old seedlings 
were measured. 
 
2.4. Quantification of chlorophyll and anthocyanin 
Chlorophyll was extracted from rosette leaves or whole seedlings with 80% (v/v) acetone 
(HPLC grade, Fisher Chemical, PA, USA). Absorption was measured spectrophotometrically at 
663 and 645 nm according to Lichtenthaler and Wellburn (1983). Chlorophyll amount was 
determined as µg per mL which was then normalized based on the fresh weight of the extracted 
tissue and presented as µg per mg (or mg per g).  
Anthocyanin extraction was based on the method of Lange et al. (1970) with minor 
modifications. The rosette leaf tissue was weighed and placed in 1.5 mL micro-centrifuge tubes 
containing 1 mL extraction buffer of 18% (v/v) 1-propanol (HPLC grade, EMD Chemicals, ON, 
Canada), 1% HCl (Fisher Chemicals) and 81% water. The modifications were according to Noh 
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and Spalding (1998) to detect the anthocyanin level in Arabidopsis. Leaf samples in tubes were 
ground using plastic tissue grinding pestles and then tubes were placed in boiling water for 3 min. 
Tubes were incubated in the dark and at room temperature for 2 h and then centrifuged at 18,000 
g for 2 min. The amount of total anthocyanins in the supernatant was quantified 
spectrophotometrically. Values was calculated as A535 – 2.2 (A650) (Lange et al., 1970).  
 
2.5. Photochemical efficiency of PSII 
The photochemical efficiency of PSII (Fv/Fm) of rosette leaves attached to the plants in the 
pots was measured at room temperature. A PAM 2000 chlorophyll fluorometer (WALZ, Germany) 
or a Dual-PAM-100 measuring system (WALZ, Germany) were used to detect Fv/Fm for control 
and drought- or light-stressed plants. The Fv/Fm ratio of all samples was calculated as (Fm – Fo)/Fm 
after 15 min dark-adaption. 
 
2.6. Staining and quantification for O2- and H2O2  
Histochemical staining for O2
- and H2O2 was performed with nitroblue tetrazolium (NBT; 
BioShop) and diaminobenzidine (DAB; Gold Biotechnology, St. Louis, MO, USA), respectively, 
as previously described by Brychkova et al. (2008) with minor modifications. To detect O2
-, rosette 
leaves were detached and floated in 0.8 mM NBT for 2 h in the dark. For H2O2 detection, rosette 
leaves were placed in 1 mg mL-1 DAB solution (pH 5.0) for 4 h in the light. Both solutions were 
made in sterile ddH2O. After staining times, the solutions were poured away and stained leaves 
were rinsed in 96% ethanol and boiled for 10 min to remove chlorophyll. Ethanol was removed 
and the samples rinsed with ddH2O. The levels of O2
- and H2O2 were visualized as dark-blue and 
brown coloration respectively and photographed. 
Quantification of O2
- and H2O2 was performed using the method described by Ramel et al. 
(2009). Leaf samples were weighed and stained with NBT and DAB as described previously. 
NBT- and DAB-stained leaves were immediately ground in liquid nitrogen. To quantify O2
-, KOH-
DMSO solution (1:1.16 v/v; 2 M KOH:DMSO) (Fisher Chemical) was added to the leaf powder. 
Samples were centrifuged for 10 min at 9,000 g and absorption was measured at 630 nm. For 
quantification of H2O2, 0.2 M HClO4 (Anachemia, QC, Canada) was applied to the leaf powder 
and centrifuged for 10 min. The A450 of the extracts was measured and compared with the standard 
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curve. The standard curve for O2
- was obtained from known amounts of NBT in 2 M KOH-DMSO. 
To obtain the H2O2 standard curve, known concentrations of H2O2 (35%, Anachemia) in 0.2 M 
HClO4-DAB was used. Serial dilutions of 15 µM to 0.5 µM for NBT and 100 µM to 1 µM H2O2 
were used to graph the standard curves. Standard curves with R2 value of > 0.996 were generated 
and used to quantify samples. O2
- levels are represented as reduced NBT since NBT is reduced and 
forms blue color by reaction with O2
- . The average rate that NBT is reduced by O2
- is based on an 
extinction coefficient: (5.88 ± 0.12) X 104 M-1 s-1 (Blelski et al., 1980).  
 
2.7. Sample preparation for analysis by HPLC 
Both standards and plant samples were prepared in a solution of ddH2O as solvent. To 
prepare the standards, known concentrations of uric acid (99%; Alfa Aesar, Ward Hill, MA, USA), 
allantoin (Sigma-Aldrich) and allantoate (Sigma-Aldrich) were used. To obtain the standard curves 
of ureide compounds, serial dilutions of each compound in ddH2O were prepared. Dilution series 
of 50 nmol µL-1 to 0.05 nmol µL-1 for uric acid; 50 nmol µL-1 to 0.1 nmol µL-1 for allantoin and 5 
nmol µL-1 to 0.01 nmol µL-1 for allantoate were used. Standard curves were graphed and in each 
case resulted in an R2 value of > 0.998 (Figure C1; Appendix C). Plant tissue or whole seedlings 
sample were ground in liquid nitrogen using a mortar and pestle. For mature plant tissue, 1 mL of 
ddH2O and for seedlings, 0.5 mL ddH2O was added to the ground powder. Their extracts were 
homogenized in sterile ddH2O, they were centrifuged at 15,000 g for 10 min, at 4 ºC, in a 
refrigerated centrifuge (Beckman Coulter Microfuge 22R, USA) to collect the pellet. The 
supernatant was filtered through a 0.2 μm syringe-filter (13 mm; VWR) and then placed in the 
high performance liquid chromatography (HPLC) system for analysis.  
 
2.7.1. HPLC parameters 
The levels of uric acid, allantoin and allantoate were determined by HPLC using an Agilent 
1200 series HPLC system (Agilent Technologies Inc, Mississauga, ON, Canada). For the 
separation of these compounds, an organic acid column (Aminex® HPX-87H- 300 x 7.8 mm- Bio-
Rad Laboratories, Hercules, CA, USA) was used. The mobile phase of 2.5 mM H2SO4 (pH~3.0) 
(EMD Inc. ON, Canada) was first filtered through ZAPCAP-CR bottle top filters (0.2 µm pore 
size, Whatman, NJ, USA) and then applied to the system to pass through the degasser before 
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reaching the pump and column. Samples were transfered to the HPLC in 2 mL wide Opening (9 
mm) Amber Glass Screw Top Vials (Agilent Technologies Inc, CA, USA) that were kept at 4 °C 
in the auto-sampler until injection. Flow rate was 0.5 mL min-1, the column temperature was 20°C 
and the injection volume was between 10-50 µL, depending on the sample. Total run time with 
this method was 45 min and compounds were detected at 190 nm using a diode-array detector. 
Three ureide compounds were detected using the standard retention time for each compound; uric 
acid, allantoin and allantoate at approximately 19, 22 and 24 min, respectively (Figure C2; 
Appendix C). 
 
 
2.8. Gene expression analysis 
The sequences of ureide metabolic genes were obtained from Phytozome 
(http://phytozome.jgi.doe.gov). Phytozome is a portal of plant comparative genomics of the 
Energy's Joint Genome Institute department (http://phytozome.jgi.doe.gov) and it provides access 
to the sequenced Arabidospsis thaliana genome. To analyse the expression of genes coding for 
ureide enzymes, gene-specific primers were designed using Primer3 (http://bioinfo.ut.ee/primer3-
0.4.0/) software (Koressaar and Remm, 2007; Untergrasser et al., 2012). When primers were 
designed, their sequence and amplification region was double checked in the Primer-BLAST tool 
at the National Center for Biotechnology Information (NCBI; Ye et al., 2012). 
Table B3 (Appendix B) shows the primers that were used to test the effect of T-DNA 
insertion on expression of mutant genes in the homozygous T-DNA insertion lines. Table B4 
(Appendix B) shows the primers used to analyze the expression of ureide genes under abiotic stress 
conditions.  
 
2.8.1. RNA extraction and cDNA synthesis 
Total RNA was isolated from rosette leaf tissue or from whole seedlings using the E.Z.N.A 
Plant RNA Kit (Omega Bio-Tek, Norcross, GA, USA). Samples stored at -80 ºC after freezing in 
liquid nitrogen were used for RNA extraction. All centrifugations were done at room temperature. 
Approximately 25 mg (fresh weight) of leaf tissue and 7 mg (fresh weight) of seedlings were used 
for RNA extractions. Frozen tissue was ground under liquid nitrogen using a mortar and pestle and 
immediately 500 µL extraction buffer/ β-mercaptoethanol (extraction buffer: Supplied within the 
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kit; β-mercaptoethanol: EMD Chemicals) was added to the grounded tissue. Tissue was then 
collected in a 1.5 mL micro-centrifuge and the RNA extraction procedures was done according to 
manufacture protocol.  
RNA concentration was quantified by spectrophotometric measurement using a NanoDrop 
2000 spectrophotometer (ThermoFisher Scientific). All RNA samples were stored at -80 ºC or 
used for making cDNA immediately. One µg of total RNA was used to synthesize the first strand 
of cDNA using QuantiTect® Reverse Transcription Kit (Qiagen, Germany) according to the 
manufacture’s protocol.  
 
2.8.2. Reverse transcriptase PCR   
For light treated samples, RT-PCR was carried out with a 95 ºC initial denaturation for 3 
min, followed by 32 cycles consisting of, 94 ºC 30 s, 60 ºC 40 s, 72 ºC 1 min, and a final extension 
at 72 ºC for 7 min. For all the other experiments, RT-PCR conditions were: 95 ºC initial 
denaturation for 3 min, followed by 32 cycles consisting of, 94 ºC 30 s, 60 ºC 35 s, 72 ºC 1 min, 
and a final extension at 72 ºC for 4 min. TopTaq DNA Polymerase kit (Qiagen, Germany) was 
used in all RT-PCR amplifications. The final concentrations of reagents and reaction volume were 
similar to those in section 2.2.3 and 1 µL cDNA was used in each 25 µL PCR reaction. ACTIN7 
(At5g09810) was used as a reference gene. A 1 kb DNA Marker GeneRuler (Real Biotech 
Corporation; Taiwan) was used for sizing of amplications of stress treatment experiments. . 
 
2.8.3. Quantitative reverse transcriptase PCR  
For quantitative reverse transcriptase PCR (qRT-PCR), primers designed by Brychkova et 
al. (2008) were used (Table B5; Appendix B). Quantitative RT-PCR amplification was performed 
as described by Brychkova et al. (2007) in 40 cycles, consisting of an initial denaturation of 95 ºC 
for 3 min, followed by 20 s at 95 ºC, 20 s at 65 ºC and 30 s at 72 ºC. The reactions were done in a 
final of 25 µL using EvaGreen Dye 20X (Biotium, Hayward, CA, USA) with the similar final 
concentrations and reaction volume as described in section 2.2.3. For EvaGreen Dye 20X, the final 
concentration of 1X was used.  
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Fluorescence increments of each reaction were simultaneously monitored using the iCycler 
iQ5 Multicolor real time PCR detection system (Bio-Rad). In the real time PCR detection system, 
96 well flat top clear PCR microplates (Axygen, CA, USA) were used. PCR amplification 
efficiency rate was tested for all primers by the standard curve method (Livak, 2001). The real 
time PCR standard curve represents the semi log regression line plot of the Ct (threshold cycle) 
values vs. log of the concentration of samples. The standard curve slope of –3.32 (y = –3.32x) 
indicates 100% PCR efficiency (Livak, 2001). To analyze PCR efficiency, a dilution series of a 
cDNA sample was prepared and then real time PCRs were performed for each primer set using the 
cDNA dilution series. The slope of the standard curve for each primer was measured using Ct data 
of the serial dilution. When PCR efficiency of > 99% was obtained for each primer, the expression 
fold change of UO and ALN under drought and control (watered) condition in leaves was 
determined. All cDNA samples were analyzed in triplicate, and each cDNA was derived from 
three sets of independent experiments. Relative expressions of UO and ALN were calculated using 
the relative 2-∆∆Ct method (Livak and Schmittgen, 2001). The Livak and Schmittgen (2001) method 
calculates expression fold change using these formula: 
ΔCttarget = Ctcontrol - Cttreatment 
ΔCtreference = Ctcontrol - Cttreatment 
ΔΔCt = ΔCtreference - ΔCttarget 
The fold change in expression of a target gene = 2-∆∆Ct 
 
In this experiment, UBQ10 (At4g05320) and ACTIN2 (At3g18780) were used as reference 
genes and all reactions were normalized with them. The reference genes revealed similar up or 
down-regulation trends and thus only the results based on UBQ10 were presented. UBQ10 
demonstrated less variation under the experimental conditions and is also the reference gene used 
by Brychkova et al. (2008), allowing for more direct comparison. The relative transcript 
abundance on day 0 was set to 1 to which the untreated and treated samples following withholding 
of water was compared. 
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2.9. Statistical analysis 
All experiments were repeated at least three times in independent experiments (n= number 
of independent replications). Student t-test and analysis of variance (ANOVA) test were performed 
to compare mean values using SPSS software Ver. 22.0 (IBM Statistical Product and Service 
Solutions), licensed to University of Saskatchewan (IBM, Markham, CA). Tukey HSD (honest 
significant difference) test from the same software was used to find means that are significantly 
different from each other in multiple treatment conditions. Differences at p < 0.05 were considered 
significant. When no significant difference was found, statistical analysis are not shown. All the 
data are presented as means plus/minus the standard error of the mean (SEM). All graphs were 
prepared in Excel of Microsoft Office software (Microsoft Company; Mississauga, CA). Image 
editing for production of figures was done using GIMP 2.8.14 software (www.gimp.org).  
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CHAPTER 3. RESULTS 
3.1. T-DNA insertion mutants 
T-DNA insertion seed stocks were obtained from the Arabidopsis Biological Resource 
Center (ABRC) and listed in Table B1 (Appendix B). Figure 3.1 shows the screening procedures 
for the T-DNA insertion lines.  
 
3.1.1. Characterization of homozygous mutants 
Screening of T-DNA insertion lines was done by PCR amplification using T-DNA primer 
and gene-specific primers (forward and reverse primers) as described in materials and methods. 
Figure 3.2 shows a representative gel of screening T-DNA insertion mutant for homozygous 
insertion.  
 
3.1.2. Gene expression analysis 
Overall, 12 homozygous lines were identified by PCR analysis. Expression of the gene of 
interest was tested by RT-PCR. Of those, four homozygous lines showed no expression of the gene 
as shown in Figure 3.3. The control RT-PCR for the four homozygous lines without gene 
expression was done using primers amplifying ACTIN7 and is shown in Figure C3 (Appendix C). 
The list of 12 homozygous mutants and the effect of T-DNA insertion in the expression of the 
impaired gene is shown in Table B6 (Appendix B). Figure 3.4 shows the four homozygous mutants 
and the site of T-DNA insertion as well as the primer locations. Figure 3.5 shows the location of 
the four homozygous mutants in the ureide metabolism pathway.  
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Figure 3.1. The screening procedures of T-DNA insertion mutant lines 
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Figure 3.2. An example image representing the genotyping of a T-DNA insertion mutant line. The gel 
shows the PCR-based screening of SALK-148366 individual plants to identify homozygous plants using 
LP, RP and LB1.3 primers. As described in Figure 2.1, using three primers (LBb1.3+LP+RP), in the wild-
type individuals (WT- no insertion) will result in a product of about 900-1100 bps (from LP to RP). 
Homozygous individual (insertions in both chromosomes) plants will have a product of 410+N bps (RP to 
insertion site 300+N bases + 110 bases from LBb1.3 to the left border of the vector). Heterozygous 
individuals (insertion in one chromosome) will have both bands.  
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Figure 3.3. RT-PCR analysis to detect the effect of T-DNA insertion in the gene on gene expression 
of the four homozygous mutants. Each number (1 or 2) for T-DNA insertion mutants, represents an 
individual homozygous plant grown from the individual seed from the initial T-DNA seed stock. Wild- 
type (WT) was used as control. (A) No XDH1 gene expression for SALK-148336. (B) No ALN expression 
for SAIL-810-E12. (C) No AAH expression for SALK-112631. (D) No UAH expression for SAIL-338-
C08. The sequence of primers used for RT-PCR-based gene expression and the size of each PCR product 
is listed in Table B3 (Appendix B). 
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Figure 3.4. T-DNA insertions in Arabidopsis XDH1, ALN, AAH and UAH genes in the mutants. (A) 
SALK-148366 line; ATxhd1 (At4g34890, XDH1). (B) SAIL-810-E12 line; Ataln (At4g04955, ALN). (C) 
SALK-112631 line, Ataah (At4g20070, AAH). (D) SAIL-338-C08 line, Atuah (At5g43600, UAH). Black 
arrows indicate the translation start codon for each gene. Black boxes represent the exons, and the lines 
between filled black boxes represent introns. The gray boxes at the start and end of genes are 5’UTR and 
3’ UTR, respectively. The blue triangle shows the T-DNA insertion site in each gene. Red arrowheads 
indicate approximate location of primers used for RT-PCR-based gene expression (Table B3; Appendix B). 
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Figure 3.5. Ureide metabolism genes with T-DNA insertions resulting in loss of transcript. The pink 
callouts show each T-DNA mutant line and the arrow on each callout points to the impaired enzyme. XDH1, 
xanthine dehydrogenase 1 (SALK-148366, Atxdh1); ALN, allantoinase (SALK-810-E12; Ataln); AAH, 
allantoate amidohydrolase (SALK-112631, Ataah); UAH, ureidoglycolate amidohydrolase (SAIL-338-
C08, Atuah) 
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3.1.3. Preliminary phenotypic tests  
For the preliminary phenotypic tests, plants were treated with moderate- and increased-
light. For this purpose, when plants were 17-day-old, they were shifted to chambers with moderate 
light (250 μmol∙m-2∙s-1) or increased light (750 μmol∙m-2∙s-1) intensities, with long day photoperiod 
(day/night temperature 22/10°C and a light/dark cycle of 21/3 h). The phenotype of the four T-
DNA insertion mutant lines were compared visually to wild-type plants under light treatments. 
Under the increased light condition, aln plants showed visually more tolerance compared to the 
other mutant lines and the Col-0 plants (Figure 3.6). Plants generally started to show 
morphological changes such as thickened leaves, reduced chlorophyll and enhanced levels of 
anthocyanin (purple leaf colour) after approximately 7 to 10 days under increased light condition. 
However, Col-0, xdh1, aah and uah plants turned purple earlier compared to aln plants (Figure 3.6 
A). During the third week of increased light treatment, Col-0 and the other three mutant plants 
were completely purple and dried whereas aln plants still had some green tissue left (Figure 3.6 
B). Figure 3.7 shows the same lines under moderate light conditions on the same time points. 
Visually, aln plants did not appear different from Col-0 plants in response to moderate light. The 
only main visual phenotype difference was seen for xdh1 plants, which were visibly smaller 
compared to the Col-0. Delayed development and premature senescence phenotypes have already 
been reported for the mutants impaired in the expression of XDH1 (Brychkova et al., 2008; 
Watanabe et al., 2010). 
Based on the results from light treatments as well as additional experiments on Col-0 and 
the mutant plants under drought, or on seedlings under NaCl stress (Figure C4 and C5. Appendix 
C), it was concluded that aln mutants show more tolerance (for example as seen by more green 
pigment preservation under increased light) under abiotic stress compared to the other mutants and 
Col-0. Therefore, considering these observations and the higher concentration of allantoin under 
abiotic stress in the Col-0 (sections 3.2 and 3.3 of the results), the aln mutant was selected for 
back-crossing to Col-0 and additional experiments. The aln mutant in the present research was 
first isolated and referred to as Ataln by Werner et al. (2008). However, to date, no report on 
abiotic stress response of this line is available. Thus, in the present thesis, this line is referred to as 
aln-3 in agreement with the nomenclature of the other two aln mutant lines, aln-1 and aln-2, by 
Watanabe et al. (2014a). 
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The population of T-DNA insertion mutants might carry more than one T-DNA insertion 
in which case the phenotype of interest may be affected (Weigel and Glazebrook, 2008). Based on 
the information on Salk Institute Genomic Analysis Laboratory website, “approximately 50% of 
the lines contain a single insert, the other 50% of lines contain two or more inserts” 
(http://signal.salk.edu). Backcrossing the mutant to wild-type parents may remove any extraneous 
insertion and decrease the possibility of undesirable extra mutations (Weigel and Glazebrook, 
2008). Here, the aln-3 mutant was backcrossed against Col-0 two times as described in the chapter 
2 and the BC2F3 generation of aln-3 was used for further experiments.  
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Figure 3.6. Plant phenotypes under increased light condition. When Col-0, xdh1, aln, aah and uah 
plants were 17-day-old, they were transferred to a chamber with increased light conditions. (A) Phenotype 
of plants when they were treated with increased light for 10 days. (B) Phenotype of plants when they were 
treated with increased light for 15 days. 
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Figure 3.7. Plant phenotypes under moderate light condition. When Col-0, xdh1, aln, aah and uah 
plants were 17-day-old, they were transferred to a chamber with moderate light conditions. (A) Phenotype 
of plants treated under moderate light intensity for 10 days. (B) Phenotype of plants when they were treated 
under moderate light intensity for 15 days. 
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3.2. Drought stress 
3.2.1. Ureide concentration in wild-type leaves  
Uric acid, allantoin and allantoate were quantified by HPLC in rosette leaves of 4-week-
old wild-type Arabidopsis plants under normal and drought stress conditions. Following drought 
stress, allantoin levels increased by day 5, reaching a maximum of 1.1 µmol (g DW)-1 by day 10. 
After 12 days of drought stress, plants were re-watered and allantoin content was reduced to 0.7 
µmol (g DW)-1 on day 14 (2 days after re-watering) (Figure 3.8). Minor amounts of allantoin (< 
0.09 µmol (g DW)-1) were observed in samples from plants in non-stress conditions which were 
tested at the same time points. Uric acid levels varied throughout the time period tested, from 0.05 
to 0.22 µmol (g DW)-1, but did not respond to water limitation (Figure C6; Appendix C). 
 
3.2.2. Expression analysis of ureide genes in wild-type leaves 
Expression of six genes involved in ureide metabolism (XDH1, XDH2, UO, ALNS, ALN, 
AAH) were analyzed in Col-0 leaves by RT-PCR (Figure 3.9). Leaf samples were collected on day 
0, 5, 10, and 2 days after re-watering, on day 14. After 10 days of withholding water, the expression 
of majority of ureide metabolic genes were induced, pointing to coordinated regulation of the 
pathway. Relative expression of UO showed an earlier increase, five days after withholding water.  
Interestingly, ALN was not as strongly upregulated compared to the other genes. Transcript levels 
of all genes, including UO, was clearly diminished after re-watering. The stress inducible genes, 
RD29A, RD29B and RD26 used as drought markers (Yamaguchi-Shinozaki et al., 1992, 
Yamaguchi-Shinozaki and Shinozaki, 1993; 1994) were induced by drought conditions, 
confirming the efficiency of the drought stress treatment. Expression of several genes encoding 
antioxidants, including CSD1 (Cu/Zn SOD), CAT2 and APX1 were examined during drought 
stress. The induction of expression of these genes on day 10 was similar to the expression of most 
of ureide genes, increasing to a maximum on day 10 of drought and declining after re-watering the 
plants (Figure 3.9). The expression of ureide genes under well-watered conditions did not show 
any specific pattern of up or down regulation during the same time points (Figure C7; Appendix 
C). 
58 
 
Based on their dissimilar expression patterns, I analyzed the change in expression of UO 
and ALN by qRT-PCR (Figure 3.10). No increase in expression of UO or ALN was observed in 
well-watered control plants when analyzed by ANOVA. Transcript of UO increased after 5 (> 5-
fold induction) and 10 days (> 8.5-fold induction) of drought stress compared to day 0. After re-
watering, the expression of UO declined (> 3-fold reduction compared to day10). In contrast, ALN 
transcript levels did not vary significantly with day or treatment over the same time frame when 
analyzed by one-way ANOVA. Although, it appears that ALN transcript decreases under drought 
stress (day 5 and 10) compared to the control, these are not statistically significant. 
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Figure 3.8. Allantoin concentration in Col-0 leaves in response to drought and well-watered 
conditions. Allantoin content in Col-0 leaves after 5 and 10 days of withholding water and on day 14 which 
represents 48 h after re-watering the drought-stressed plants (white bars) and in well-watered control 
condition (black bars). Day 0 indicates the day before withholding water. DW, dry weight. Error bars are 
the standard error of the mean (SEM). (n= 3). 
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Figure 3.9. RT-PCR analysis of a number of ureide metabolic genes under drought stress. Expression 
analysis of ureide metabolism genes in leaf tissue of Col-0 plants on day 0, 5 and 10 days after withholding 
water as well as two days after re-watering drought-stressed plants (day 14). RD29A, RD29B and RD26 
represent stress-responsive genes and CSD1, CAT2 and APX1 represent antioxidant enzyme genes. ACT7 
served as reference gene. XDH, xanthine dehydrogenase; UO, uricase; ALNS, allantoin synthase; ALN, 
allantoinase; AAH, allantoate amidohydrolase; RD26/RD29A/RD19B, dehydration-responsive genes; CSD, 
superoxide dismutase (Cu/Zn SOD); CAT, catalase; APX, ascorbate peroxidase; ACT7, Actin7. Image is 
representative of three independent replicates.  
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Figure 3.10. qRT-PCR analysis of UO and ALN transcripts in Col-0 leaves under drought and well-
watered conditions. Plant leaves were sampled before withholding water (day 0) and after withholding 
water for 5 and 10 days. Day 14 under drought represents two days after re-watering the stressed plants. 
Leaves were also sampled under well-watered (control) condition for 5, 10 and 14 days. Data are 
representative of relative fold change of expression after normalization using UBQ10. Data are presented 
as the mean of three independent biological replicates ± SEM. (n= 3). UO, uricase; ALN, allantoinase. 
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3.2.3. Soil gravimetric water content 
The soil gravimetric water content (SGWC) was used as a parameter to evaluate the water 
content of the soil corresponding to the different sampling times after withholding water (Figure 
3.11). The reduction in the soil gravimetric water content did not differ significantly between the 
Col-0 and aln-3 pots. The reduction in soil water on day 5 and 10 after withholding water is 
associated with accumulation of allantoin in the Col-0 plants as shown in Figure 3.8. 
 
3.2.4. Drought stress tolerance of aln-3 plants compared to wild-type 
Under normal growth condition, aln-3 did not display visual phenotypic differences in the 
growth or morphology compared with the Col-0. However, when 4-week-old Col-0 and aln-3 
plants were tested for resistance to drought stress, aln-3 mutant plants were less susceptible. Higher 
tolerance to water stress was found for aln-3 plants where Col-0 plants displayed more wilting 
symptoms (Figure 3.12). Under drought, aln-3 plants had higher DW and FW of aerial plant part 
and after recovery than Col-0 plants (Figure 3.13).  
Mutation in allantoinase in the aln-3 mutant resulted in the accumulation of allantoin in the 
mutant. Accumulation of allantoin in aln-3 plants was confirmed in various tissues of mature 
mutant plants by HPLC (Figure C8; Appendix C). No uric acid or allantoate was detected in aln-
3 plants by HPLC under control or drought conditions. Figure 3.14 shows the comparison of 
allantoin levels in leaves of aln and Col-0 under control and drought conditions. aln-3 plants 
contained increased levels of allantoin (> 5 µmol g DW-1) prior to withholding water, which 
increased in response to drought. Levels of allantoin in leaf tissue of aln-3 was much higher (> 12 
times on day 5 and > 9 times on day 10) than Col-0 leaf tissue under drought at the same time 
points (Figure 3.14). 
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Figure 3.11. Soil gravimetric water content (SGWC) during withholding of water. SWGC in Col-0 
(white bars) and aln-3 plants (black bars) during withholding water. Data presented are the mean of three 
independnet replicates ± SEM. (n= 3) 
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Figure 3.12. Phenotypes of Col-0 and aln-3 plants following withholding of water and re-watering. 
(A) Day 12 after withholding water. (B) Day 14 represents two days after re-watering the drought-stressed 
plants. (C) Well-watered control plants on day 12. Images are reprentative of three independent 
experiments. 
 
(B) 
 
Day 14, two days after 
re-watering 
(A)  
 
Day 12  
Drought condition 
(C) 
 
Day 12  
Control condition 
Col-0 aln-3 
65 
 
 
 
 
Figure 3.13. Biomass of Col-0 and aln-3 plants following withholding and well-watered conditions. 
(A) Fresh weight and (B) dry weight of the aerial part of Col-0 and aln-3 plants were measured on day 0 
and 12 days after well-watered (control) or drought stress as well as two days after re-watering of the 
drought-stressed plants (day 14). Data presented are the mean of three independent replicates ± SEM. 
Asterisks indicate significant differences determined by a t-test (* P < 0.05, **P < 0.01). (n= 3) 
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Figure 3.14. Allantoin level in Col-0 and aln-3 in response to drought. Allantoin was determined in 
leaves of Col-0 (white bars) and aln-3 (black bars) after 0, 5 and 10 days of withholding water and on day 
14, two days after re-watering. The data for Col-0 are the same as depicted in Figure 3.8, shown here for 
comparison. Data presented are the mean of three independent replicates ± SEM. (n= 3) 
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3.2.5. Chlorophyll content and the photochemical efficiency of PSII  
To investigate the physiological effects of elevated allantoin concentration following water 
stress, total chlorophyll content and photochemical efficiency of PSII (Fv/Fm ratio) were 
determined (Figure 3.15). Total chlorophyll levels and the Fv/Fm ratio did not significantly differ 
in Col-0 and aln-3 leaves under normal growth conditions. However, both chlorophyll amount and 
Fv/Fm ratio showed greater reduction in water-stressed Col-0 leaves compared to aln-3 leaves after 
drought treatment. 
 
3.2.6. Levels of O2- and H2O2 on day 10 of withholding water 
To address the hypothesis that allantoin protects against abiotic stress, the levels of 
superoxide (O2
-) and hydrogen peroxide (H2O2) in leaves of Col-0 and aln-3 plants were 
determined. Histochemical detection of O2
- and H2O2 and quantification was performed using 
nitroblue tetrazolium (NBT) and diaminobenzidine (DAB), respectively. Compared with Col-0, 
weaker staining was observed in aln-3 leaves for both O2
- and H2O2 on day 10 of drought stress 
(Figure 3.16 A). aln-3 leaves contained significantly lower concentrations of both O2
- and H2O2 
after 10 days of drought stress (Figure 3.16 B,C). 
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Figure 3.15. Chlorophyll content and maximum efficiency of PSII. (A) Chlorophyll content and (B) 
maximum efficiency of PSII photochemistry (Fv/Fm ratio) of Col-0 and aln-3 leaves were measured after 
10 days of control (watered) and drought stress. Data presented are the mean of three independent replicates 
± SEM. Asterisks indicate significant differences determined by a t-test (**P < 0.01). (n= 5) 
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Figure 3.16. Staining and quantification of O2- and H2O2. (A) Visualization of O2- and H2O2 detected by 
NBT and DAB histochemical staining, respectively. Col-0 and aln-3 leaves were stained after 10 days of 
drought stress and compared to controls. (B) Quantification of O2- and (C) H2O2 in leaf tissue under the 
same conditions as (A). Levels of O2-  is expressed as nmol of reduced NBT (g FW)-1. Data presented are 
the mean of three independent replicates ± SEM. Asterisks indicate significant differences determined by a 
t-test (* P < 0.05). (n= 3) 
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3.3. Increased light intensity 
3.3.1. Ureide concentration in wild-type leaves after light treatments 
In order to quantify ureide concentration in wild-type Arabidopsis leaves under moderate 
and increased light treatments, Col-0 seeds were allowed to germinate on MS media for 7 days 
and the seedlings transferred to pots with soil to grow under standard Arabidopsis growth condition 
(100 μmol m-2 s-1; day/night temperature 22°C and a light/dark cycle of 16/8 h) for an additional 
10 days. The 17-day-old plants were shifted to moderate or increased light conditions. The ureide 
content of leaf tissue of Col-0 plants under light treatments was determined using HPLC.  
No uric acid and allantoate were detected in leaf tissue of Col-0 plants in response to light 
treatments. However, increased allantoin (0.496 µmol (g DW)-1) was found in the leaves on day 4 
after transferring plants to the increased light condition (Figure 3.17). Allantoin levels reached a 
maximum level of 0.72 µmol (g DW)-1 on day 7, decreasing to 0.578 and 0.346 µmol (g DW)-1 on 
days 10 and 14 respectively. Three weeks after shifting the plants to increased light condition, no 
allantoin was detected in the leaves (Figure 3.17). However, plant leaf tissue was usually 
completely purple and whole-plant senescence had occurred by day 21 of increased light treatment. 
There was no detectable allantoin or other ureides in leaf samples that were taken at the same time 
points from plants under moderate light condition. 
 
3.3.2. Expression analysis of ureide genes by RT-PCR 
Expression of seven genes (XDH1, XDH2, UO, ALN, AAH, UGLYAH and UAH) involved 
in ureide metabolism was analyzed by RT-PCR to determine whether expression was influenced 
by light treatment. In response to increased light intensity, the relative expression of UO started to 
increase on day 4 and continued up to day 10. The expression of all other ureide genes also 
increased by day 10. However, expression of ALN showed less induction compared to the other 
ureide metabolism genes. By day 14 of increased light intensity, expression of all genes was 
reduced (Figure 3.18). When expression of ureide genes was analyzed by RT-PCR after 10 days 
of moderate- and increased- light treatments, the samples under increased light generally showed 
higher expression. (Figure C9; Appendix C).  
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Figure 3.17. Allantoin accumulation in Col-0 leaves in response to increased light intensity. Allantoin 
content detected by HPLC in Col-0 leaves after 0, 4, 7, 10, 14 and 21 days of increased light intensity 
treatment. Plants were grown on standard Arabidopsis growth condition for 17 days before increased light 
treatment. Day 0 indicates the day before increased light treatment. DW, dry weight. Error bars are the 
standard error of the mean (SEM). (n= 3) 
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Figure 3.18. RT-PCR analysis of ureide metabolism genes under increased light condition. Expression 
analysis of ureide metabolism genes in leaf tissue of Col-0 plants on day 0, 4, 7, 10 and 14 after transferring 
the 17-day-old plants to a chamber with increased light condition. ACT7 served as reference gene. XDH, 
xanthine dehydrogenase; UO, uricase; ALN, allantoinase; AAH, allantoate amidohydrolase; UGLYAH, 
ureidoglycine aminohydrolase; UAH, ureidoglycolate amidohydrolase; ACT7, Actin7. Image is 
representative of three independent experiments. 
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3.3.3. Increased light stress tolerance of aln-3 plants compared to wild-type 
After seven days of increased light intensity, plants started to show phenotypical changes 
compared to plants in moderate light. The main visible morphological changes under increased 
light condition included thickened leaves, reduced chlorophyll and enhanced levels of anthocyanin 
which resulted in purple leaf colour. On day 14 after increased light treatment, Col-0 plants lost 
more chlorophyll and accumulated more purple pigments (anthocyanin) compared to aln-3 plants 
(Figure 3.19A). On the third week of the increased light treatment, most of the plants were 
completely purple and dried (Figure 3.19B). Figure 3.20 shows the phenotypes of plants on day 
14 (A) and 21 (B) of moderate light treatment. No visual difference in the phenotype of Col-0 and 
aln-3 was found under moderate light condition.  
Ureide concentration was also measured in aln-3 mutant plants under increased light 
intensity condition. Only allantoin and uric acid were detected in aln-3 leaves under increased 
light. Allantoin content in the mutant was increased incrementally to a maximum amount on day 
21. Uric acid content showed an increase until day 10 but it was not detectable on day 21 (Figure 
3.21).  
 
3.3.4. Chlorophyll and anthocyanin content and the maximum efficiency of PSII 
The level of total chlorophyll and anthocyanin as well as the maximum efficiency of PSII 
(Fv/Fm ratio) were detected in the leaves of Col-0 and aln-3 plants after 0, 7, 14 and 21 days 
treatment under moderate and increased light conditions. Day 0 represents the day before starting 
the moderate or increased light treatments. None of the chlorophyll, Fv/Fm ratio or anthocyanin 
values were significantly different on tested time points for the Col-0 and aln-3 plants under 
moderate light intensity when tested by student t-test. However, the level of total chlorophyll and 
Fv/Fm ratio were significantly higher in aln-3 on day 14 of increased light treatment compared to 
Col-0 (Figure 3.22 A, B). On the other hand, the anthocyanin level was significantly higher in Col-
0 leaves compared to aln-3 on day 14 after increased light treatment (Figure 3.22 C). The raw data 
for each measurement under moderate and increased light are available in Table B7, Appendix B. 
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Figure 3.19. The effect of increased light condition on the phenotype of Col-0 and aln-3 plants. Plants 
were grown under Arabidopsis standard growth conditions for 17 days. Then, 17-day-old plants were 
shifted to a chamber with increased light intensity condition. Representative images show the plants on day 
14 (A) and 21 (B) after shifting to the chamber with increased light condition. 
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Figure 3.20. The effect of moderate light condition on the phenotype of Col-0 and aln-3 plants. Plants 
were grown for 17 days under Arabidopsis standard growth conditions before shifting to moderate light 
intensity condition. Representative images show plants on day 14 (A) and 21 (B) after shifting to the 
moderate light condition. 
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Figure 3.21. Allantoin and uric acid content in aln-3 leaves under increased light conditions. 
Concentration of allantoin and uric acid in leaves of aln-3 on day 0, 7, 10 and 21 after shifting 17-day-old 
plants to increased light conditions. Day 0 represents the day before shifting the plants to the increased light 
condition. Data presented are the mean of three independnet replicates ± SEM. (n= 3) 
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Figure 3.22. Levels of chlorophyll and anthocyanin and the maximum efficiency of PSII (Fv/Fm ratio) 
on day 14 after moderate and increased light treatments. 17-day-old Col-0 (white bars) and aln-3 (black 
bars) plants were shifted to moderate or increased light conditions. The data show the chlorophyll content 
(A), Fv/Fm ratio (B), and anthocyanin content (C) in Col-0 and aln-3 leaves, 14 days after light treatments. 
Data presented are the mean of three independent replicates ± SEM. Asterisks indicate significant 
differences determined by a t-test (* P < 0.05, **P < 0.01). (n= 3). abs; absorption.  
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3.4. NaCl and mannitol treatments 
3.4.1. Ureide concentration in wild-type seedlings  
The concentration of uric acid, allantoin, and allantoate in Col-0 seedlings exposed to NaCl 
or osmotic stress were measured using HPLC. Col-0 seeds were first germinated on MS media and 
3-day-old seedlings were transplanted to plates containing 200 mM NaCl or 250 mM mannitol. 
Seedlings were also moved to NaCl- and mannitol-free MS plates as a control (Figure 3.23). 
Transfer to either NaCl or mannitol resulted in phenotypic changes including, reduced root 
elongation and smaller leaves in the stress treated seedlings (Figure 3.23).  
There were no detectable ureides in 3-day-old seedlings before transplantation. When the 
levels of ureides in seedlings was analyzed four days after treatments, both allantoin and allantoate 
were detected (Figure 3.24). Allantoin content increased by 5- and 5.4-fold in seedlings four days 
after NaCl and mannitol treatments, respectively. Allantoate levels also increased in response to 
both treatments, with a significant increase in response to mannitol (Figure 3.24). Ureide content 
was also determined every two hours after moving the seedlings to NaCl or mannitol plates for the 
first 10 hours after transfer, but no significant amount of ureides were found by HPLC.  
 
3.4.2. Expression analysis of ureide genes in wild-type seedlings  
When higher concentrations of allantoin and allantoate were observed in Col-0 seedlings 
four days after NaCl and mannitol treatments compared to control, the expression of uriede 
metabolism genes were also analyzed by RT-PCR. The expression of these genes was analyzed 
four days after shifting the 3-day-old Col-0 seedlings to the NaCl, mannitol, and control (MS) 
media. Lower expression of ALN was observed in Col-0 seedlings after treatment with NaCl or 
mannitol. AAH expression was repressed by NaCl and ALNS was also slightly reduced in NaCl 
treated seedlings. Both XDH1 and UO were unaffected by the treatments (Figure 3.25). Higher 
expression of RD26 was observed in seedlings under both stress conditions compared to control. 
RD26 was used as a positive stress-inducible gene since significant increase in the expression of 
this gene has been reported in Arabidopsis following NaCl (Fujita et al., 2004) and mannitol (Fujii 
et al., 2011) treatments.  
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Figure 3.23. Phenotype of Col-0 seedlings before and 4 days after NaCl and mannitol treatments. 
Representative image of 3-day-old Col-0 seedlings before and after transfer to MS media containing 200 
mM NaCl or 250 mM mannitol for 4 days. The same media without NaCl and mannitol was used as control 
(MS).  
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Figure 3.24. Ureide concentration in Col-0 seedlings response to NaCl and mannitol treatments. 
Ureides (allantoin and allantoate) level in Col-0 seedlings in response to 200 mM NaCl and 250 mM 
mannitol treatments for four days as well as control MS treatment. Data presented are the mean of three 
independent replicates ± SEM. Different letters denote significant differences between treatments 
determined by Tukey HSD test. (n= 3).  
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Figure 3.25. RT-PCR analysis of ureide genes, four days after NaCl and mannitol treatments. 
Representative image shows the gene expression analysis of a number of ureide genes in Col-0 seedlings 
in response to 200 mM NaCl, 250 mM mannitol and control (MS) treatments. 3-day-old Col-0 seedlings 
were shifted to these media and were allowed to grow for 4 days before sampling. For stress-responsive 
marker gene and reference gene, RD26 and ACTIN7 were served, respectively. XDH, xanthine 
dehydrogenase; UO, uricase; ALNS, allantoin synthase; ALN, allantoinase; AAH, allantoate 
amidohydrolase; RD26, dehydration-responsive; ACT7, Actin7. (n= 3) 
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3.5. NaCl tolerance of aln-3 seedlings compared to wild-type 
3.5.1. Col-0 and aln-3 seedling tolerance when germinated on NaCl  
Col-0 and aln-3 seeds were plated on MS media containing NaCl concentrations of 50 mM, 
75 mM and 100 mM as well as a 0 mM NaCl control. The percentage of germinated seeds did not 
differ between Col-0 and aln-3 under any of the tested media (Figure C10; Appendix C). However, 
Col-0 seedlings had slower shoot and primary root growth in NaCl when visually compared to aln-
3 seedlings (Figure 3.26). Therefore, the root length and the percentage of seedlings with true 
leaves were measured under all of the tested media on day 7 after germination of seeds (Figure 
3.27). A greater number of aln-3 seedlings showed true leaf development (Figure 3.27 A), as well 
as longer root length (Figure 3.27 B) than the Col-0 under 50, 75 and 100 mM NaCl concentrations.  
 
3.5.2. Seedlings stress tolerance when transferred to NaCl media 
To assess the NaCl stress tolerance of seedlings, Col-0 and aln-3 seeds were first 
germinated on MS media for five days and then were transferred to new plates containing MS 
media without NaCl and with 100 mM NaCl. Seedlings of Col-0 and aln-3 had the same root 
length and weight when transferred to the new media (Figure 3.28A). Seedlings were allowed to 
grow for an additional nine days and then their growth was assessed. The fresh weight and primary 
root length of seedlings were measured since they were visually different in the 2-week-old Col-0 
and aln-3 seedlings grown on 100 mM NaCl (Figure 3.28B). aln-3 seedlings exhibited 
significantly higher fresh weight and root length than Col-0 seedlings under 100 mM NaCl (Figure 
3.29). 
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Figure 3.26. Phenotypes of Col-0 and aln-3 seedlings following germination under NaCl stress. Col-0 
and aln-3 seeds were planted on MS media containing 50, 75 and 100 mM of NaCl and the control media 
without NaCl. The image shows seedling phenotype seven days after germination. Image is representative 
of three independent experiments. 
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Figure 3.27. Percentage of seedlings with true leaves and the root length of seedlings germinated on 
NaCl media for 7 days. (A) Percentage of Col-0 and aln-3 seedlings with developed true leaves on day 7 
after germination under MS media with 0, 50, 75 and 100 mM NaCl. (B) Primary root length of Col-0 and 
aln-3 seedlings on day 7 after germination on MS media with 50, 75 and 100 mM and without NaCl. 
Measurements were made from at least 20 seedlings per replicate. Data presented are the mean of three 
independent replicates ± SEM. Asterisks indicate significant differences determined by a t-test (* P < 0.05, 
**P < 0.0). (n= 3) 
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Figure 3.28. Phenotype of seedlings before and after shift to the media with 100 mM NaCl and without 
NaCl (A) Phenotypes of 5-day-old Col-0 and aln-3 seedlings before transferring to the new media. (B) 5-
day-old seedlings were placed on MS media with and without 100 mM NaCl and were allowed to grow for 
nine more days. The figure shows a representative phenotype of 2-week-old Col-0 and aln-3 seedlings 
grown on media containing 100 mM NaCl and 0 NaCl as control. Images are representative of three 
independent experiments.  
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Figure 3.29. Fresh weight and root length of 2-week-old seedlings under 0 and 100 mM NaCl. 5-day-
old Col-0 and aln-3 seedlings were trans-placed in MS media with and without 100 mM NaCl and were 
allowed to grow for nine additional days. (A) Fresh weight of Col-0 and aln-3 seedlings was measured after 
nine days under 0 and 100 mM NaCl. Data represent the fresh weight (as mg) per 10 seedlings. (B) Primary 
root length of 2-week-old Col-0 and aln-3 seedlings, nine days after trans-placing the seedlings to media 
with 0 and 100 mM NaCl. Measurements were made of at least 30 seedlings per experiment. Data presented 
are the mean of four independent replicates ± SEM. Asterisks indicate significant differences determined 
by a t-test (* P < 0.05). (n= 4) 
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3.6. Effect of exogenous allantoin on the tolerance of wild-type seedlings under NaCl stress 
 
3.6.1. Effect of exogenous allantoin when seeds are germinated on NaCl 
The effect of exogenous allantoin application on stress tolerance of wild-type Arabidopsis 
was tested under 100 mM NaCl. For the first set of experiments, Col-0 seeds were germinated on 
100 mM NaCl and control MS media without NaCl. Two concentrations of allantoin (0.1 mM and 
1 mM) were added to NaCl plates to assess the effect of exogenous allantoin on seedling NaCl 
stress tolerance. These concentrations were chosen based on the exogenous concentrations of 
allantoin that were used by Watanabe et al., (2014a) and the effect of both concentrations on up-
regulation of some stress genes (e.g.; dehydration-responsive genes) and ABA biosynthesis genes 
(Watanabe et al., 2014a). Proline, which is one of the best known osmolytes in plants (Ashraf and 
Foolad, 2007), was used in this study also at concentrationss of 0.1 mM and 1 mM, to provide a 
control. The basic experimental design and various tested media are shown in Figure 3.30. 
When Col-0 seeds were germinated, the percentage and rate of germination was not 
considerably different between the various NaCl + additive media but significantly different to MS 
(Figure C10; Appendix C). Fresh weight of seedlings from each treatment was measured on day 7 
and day 10 after germination (Figure 3.31). On day 10, there was no difference between allantoin 
and proline treatments. However, the seedlings in NaCl media + 1 mM allantoin were not 
significanltly different from the NaCl treatment alnoe. In addition, the seedlings in NaCl + 0.1 mM 
allantoin and NaCl + 0.1 and 1 mM of proline did not show significant fresh weight difference 
with the seedlings on control MS media (Figure 3.31). The primary root length of seedlings was 
measured on day 10. Statistical analysis also showed that on 1 mM proline, the positive effect on 
seedlings’ root length was comparable to the effect of 0.1 mM allantoin (Figure 3.32). The root 
length of seedlings in these two media was comparable to seedlings grown on the MS control 
without NaCl (Figure 3.32). Figure 3.33 shows the phenotype of seedlings that were germinated 
on NaCl, NaCl + 0.1 mM allantoin and NaCl + 1 mM proline media for 10 days. As shown in the 
figure, the seedlings on 100 mM NaCl have smaller roots and less developed leaves compared to 
the ones on 100 mM NaCl + 0.1 mM allantoin or + 1 mM proline media. 
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Figure 3.30. Schematic experimental design to detect the effect of exogenous allantoin on Col-0 when 
germinated on NaCl. The Col-0 seeds were planted on six different media including: Control without 
NaCl (MS), 100 mM NaCl, 100 mM NaCl + 0.1 mM allantoin, 100 mM NaCl + 1 mM allantoin, 100 mM 
NaCl + 0.1 mM proline and 100 mM NaCl + 1 mM proline. 
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Figure 3.31. Fresh weight of Col-0 seedlings after 7 and 10 days of germination on six different media. 
Data represent the fresh weight as mg per 10 seedlings. MS, media without NaCl; NaCl media containing 
100 mM NaCl. Plates containing 0.1 or 1 mM allantoin or 0.1 or 1 mM proline also contained 100 mM 
NaCl. Measurements were made of at least 30 seedlings per experiment. Data presented are the mean of 
three independent replicates ± SEM. Data was first analyzed by one-way analysis of variance (ANOVA) at 
(p < 0.05), followed by Tukey's test to compare the means of each treatment to the means of other 
treatments. Different letters above the bars indicate significant differences detected by Tukey HSD test at 
p < 0.05. (n= 3). Aln: allantoin; Pro: proline. 
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Figure 3.32. Root length of Col-0 seedlings, 10 days after germination on six different media. MS, 
media without NaCl; NaCl media containing 100 mM NaCl. Plates containing 0.1 or 1 mM allantoin or 0.1 
or 1 mM proline also contained 100 mM NaCl. Measurements was made of at least 20 seedlings per 
experiment. Data presented are the mean of three independnet replicates ± SEM. Data was analyzed by 
one-way analysis of variance (ANOVA) at (p < 0.05), followed by Tukey's test to compare the means of 
every treatment to the mean of every other treatment. Different letters indicate statistical significant 
difference detected by Tukey HSD test at p < 0.05. (n= 3). Aln: Allantoin; Pro: Proline.  
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Figure 3.33. Phenotype of 10-day-old Col-0 seedlings germinated under three supplemental NaCl 
media. Col-0 seedlings were germinated for 10 days under 100 mM NaCl, 100 NaCl with 0.1 mM allantoin 
or 100 NaCl with 1 mM proline. The image is representative of three independent experiments. Scale bar, 
1 cm. 
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3.6.2. Effect of exogenous allantoin when seedlings are transferred to NaCl media 
For the second set of experiments, Col-0 seeds were first allowed to germinate under non-
stress condition. When the Col-0 seedlings were 5-days-old, they were transferred to media with 
100 mM NaCl or 0 NaCl as control. In this way, the effect of NaCl on the germination of seeds 
was eliminated and the tolerance of seedlings under different media was directly tested. Figure 
3.34 shows a schematic diagram of experimental design and various tested media in this 
experiment. 
After nine days growth under six different media, the beneficial effect of application of 0.1 
mM allantoin with 100 mM NaCl was noticeable in 2-week-old seedlings. Fresh weight (Figure 
3.35) and primary root length (Figure 3.36) of 2-week-old seedlings in various media were 
measured and compared. No difference was found between treatments except for 100 mM NaCl. 
Higher fresh weight and root length was found in seedlings which were grown under control media 
and 100 mM NaCl with 0.1 mM allantoin or 1 mM proline supplements than the ones on 100 mM 
NaCl(Figures 3.35 and 3.36). Figure 3.37 shows the phenotype of 2-week-old seedlings that were 
grown on MS, NaCl, NaCl + 0.1 mM allantoin and NaCl + 1 mM proline media for 9 days. The 
figure shows that a 0.1 mM allantoin or 1 mM proline supplementation positively affect the 
phenotype of the seedlings as visually observed root and leaf growth.  
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Figure 3.34. Schematic experimental design to detect the effect of exogenous allantoin on Col-0 
seedling growth on NaCl media. The Col-0 seeds were first germinated on MS media for five days and 
then were shifted to six different media and were allowed to grow in these media for additional nine days. 
The six different media were MS media with: 0 NaCl (MS), 100 mM NaCl, 100 mM NaCl + 0.1 mM 
allantoin, 100 mM NaCl + 1 mM allantoin, 100 mM NaCl + 0.1 mM proline and 100 mM NaCl + 1 mM 
proline. 
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Figure 3.35. Fresh weight of 2-week-old Col-0 seedlings grown on six different media. 5-day-old 
seedlings were grown in six different media for nine days. Data represent the fresh weight as mg per 10 
seedlings. MS, media without NaCl; NaCl media containing 100 mM NaCl. Plates containing 0.1 or 1 mM 
allantoin or 0.1 or 1 mM proline also contained 100 mM NaCl. Measurements were made of at least 30 
seedlings per experiment. Data presented are the mean of three independnet replicates ± SEM. One-way 
analysis of variance (ANOVA) at (p < 0.05) was used to analyze the data which was followed with Tukey's 
test to compare the means of every treatment to the mean of every other treatment. Bars with the same letter 
are not significantly different as determined by Tukey HSD test at p < 0.05. (n= 3). Aln: Allantoin; Pro: 
Proline. 
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Figure 3.36. Root length of 2-week-old Col-0 seedlings grown on six different media. 5-day-old 
seedlings were grown for nine days in the six different media. MS, media without NaCl; NaCl media 
containing 100 mM NaCl. Plates containing 0.1 or 1 mM allantoin or 0.1 or 1 mM proline also contained 
100 mM NaCl. Measurements were made of at least 30 seedlings per experiment. Data presented are the 
mean of three indpendent replicates ± SEM. One-way analysis of variance (ANOVA) at (p < 0.05) was 
used to analyze the data which followed by Tukey's test to compare the means of every treatment to the 
mean of every other treatment. Bars with the same letter are not significantly different (determined by 
Tukey HSD test at p < 0.05). (n= 3). Aln: Allantoin; Pro: Proline.  
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Figure 3.37. Phenotype of 2-week-old Col-0 seedlings grown on four different media. Two-week-old 
Col-0 seedlings on MS media without NaCl and with 100 mM NaCl, 100 mM NaCl + 0.1 mM allantoin 
and 100 mM NaCl + 1 mM proline. Seedlings were germinated for five days before being shifted to these 
media for nine more days before taking the picture. The image is representative of three independent 
experiments. Scale bar, 1 cm.  
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CHAPTER 4. DISCUSSION  
 
The first purpose of this research was to study ureide metabolism under abiotic stress 
conditions in a non-legume plant, Arabidopsis. It was important to clarify if changes in ureide 
levels are triggered in response to various abiotic stresses in Arabidopsis. Some of the questions 
that were examined here: do ureides increase in Arabidopsis thaliana under abiotic stress 
conditions? Which ureide compound or compounds accumulate in Arabidopsis under abiotic stress 
conditions, and to what level? Do they accumulate in a similar manner in seedlings and adult plants 
or under different stress conditions? Considering the difference between legume and non-legume 
plants in the role ureides play in transporting fixed nitrogen, does ureide metabolism in drought-
stressed Arabidopsis behave similarly to legumes? In this regard, I determined the levels of three 
ureide compounds in Arabidopsis seedlings or leaves under different abiotic stress conditions. In 
pursuing this work, I hoped to contribute to a better understanding of how ureides are involved in 
mitigating abiotic stress in Arabidopsis, and in plants in general. 
 
4.1. Accumulation of allantoin in Arabidopsis leaves under drought stress   
Accumulation of purine catabolic products, mostly allantoin and allantoate, has been 
reported in a number of plants (mostly legumes) under water stress conditions. For example, 
increased levels of both compounds was observed in soybean (Glycine max) under water stress 
(De silva et al., 1996; Purcell et al., 1998; Serraj et al., 1999 and Purcell et al., 2000). 
Accumulation of allantoin and allantoate has also been reported in common bean (Phaseolus 
vulgaris) under drought stress (Alamillo et al., 2010; Coleto et al., 2014). In fact, in the tropical 
legumes ureides form 60 to 95% of the organic nitrogen in xylem sap (Christensen and Jochimsen, 
1983; Tajima et al., 2004). Therefore, these plants have considerable amounts of ureides even 
under non-stress conditions. However, accumulation of ureides increases dramatically in tropical 
legumes under water stress (Todd et al., 2006). As expected, I have shown that Arabidopsis did 
not have a considerable amount of ureides under non-stress conditions. But significant amounts of 
allantoin was found following prolonged drought in Arabidopsis (Figure 3.8). This indicates that 
accumulation of ureides under prolonged drought is not limited to nitrogen fixing plants or 
legumes but that it may be a general response in plants. However, only allantoin accumulated in 
Arabidopsis (this is consistent with the upregulation of AAH as shown in Figure 3.9), while 
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legumes tend to accumulate both allantoin and allantoate. Accumulation of these two ureides, 
usually more allantoate, has been observed in a number of water-stressed leguminous species (De 
Silva et al., 1996; Purcell et al., 1998; Serraj et al., 1999 and Purcell et al., 2000; Alamillo et al., 
2010, Coleto et al., 2014). The difference between Arabidopsis and legumes may be related to the 
high metabolic flux of ureides in transport of fixed N2 in nitrogen-fixing legumes. Alternatively, it 
may be indicative of differing flow through the ureide metabolic pathway in response to condition, 
tissue or development stages in Arabidopsis. Particularly since in this research the accumulation 
of both allantoin and allantoate was only observed in NaCl and mannitol-treated Arabidopsis 
seedlings (Figure 3.24) and not in the leaves of drought- or high light-treated adult plants (Figures 
3.8 and 3.17). It would be prudent to test the level of allantoin and allantoate in drought-stressed 
Arabidopsis in different growth stages and also to test the effect of other stresses such as salinity 
on ureide accumulation in mature plants. 
 
4.2. Accumulation of allantoin in Arabidopsis leaves under increased light intensity 
Previous studies indicate that light/dark can affect ureide accumulation. Dark treatment of 
plants resulted in an accumulation of allantoin and allantoate in Phaseolus vulgaris (Engelbrecht, 
1955; as cited by Castro et al., 2001), Funaria hygrometrica (Hartmann and Arnold, 1974; as cited 
by Castro et al., 2001) and Arabidopsis thaliana (Brychkova et al., 2008). In response to different 
photoperiods, accumulation of allantoin increased incrementally by photoperiod enhancement in 
comfrey roots but its accumulation decreased in the underground horizontal stems (rhizomes) 
(Castro et al., 2001). The authors suggested that their results indicates that in comfrey, roots are 
the sites of allantoin synthesis while the allantoin in rhizomes is provided by translocation from 
other organs like roots. Therefore, photoperiod can affect both synthesis of allantoin in roots and 
the levels of translocation of allantoin to rhizomes (Castro et al., 2001).  
Malik et al. (2016) reported an increase in the sum of allantoin, allantoate, ureidoglycolate 
and glyoxylate content under high light (750 μmol photons m-2 s-1) in Eutrema salsugineum. A 
2.5-fold increase in total ureide was observed when Yukon ecotype of Eutrema was grown under 
high light, compared to plants grown under same photoperiod and temperature conditions but with 
moderate light regime (250 μmol photons m-2 s-1). In the present study, I used the same light 
intensity, photoperiod and temperature conditions as Malik et al. (2016) for Arabidopsis, a close, 
but less stress-tolerant, relative of E. salsugineum. When Arabidopsis plant were exposed to 
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increased light condition, accumulation of allantoin in leaves was found a few days after exposing 
the plants to these conditions (Figure 3.17). However, no detectable allantoin (or uric acid, or 
allantoate) was observed in plants exposed to moderate light intensity. This might indicate that the 
accumulation of allantoin in leaves in Arabidopsis under high light intensity and long photoperiod 
was primarily the effect of increased light intensity and not the longer day photoperiod. However, 
this result does not eliminate the possibility of accumulation of allantoin or other ureides in roots 
or other tissues of Arabidopsis in response to change in photoperiod, since these were not tested.  
Vitoria and Mazzafera (1999) reported that in Coffea arabica and Coffea dewevrei, caffeine 
can slowly catabolize and form xanthine, and in turn, xanthine converts to ureides. Therefore, 
following caffeine catabolism, higher levels of allantoin and allantoate were found in these plants 
(Vitória and Mazzafera, 1999). Pompelli et al. (2013) reported that in Coffea arabica plants, higher 
concentrations of allantoin were found under increased light treatment. The seedlings were allowed 
to grow in two light treatments including 100% solar irradiation (refered to as high light; maximum 
2000 µmol m-2 s-1) and 50% solar irradiation (refered to as moderate light). The concentration of 
allantoin in fully expanded young leaves showed a 47% increase in plants under 100% solar 
irradiation compared to plants under 50% solar irradiation. At first, degradation of the purine 
alkaloid, caffeine, to xanthine was considered as a source of allantoin in coffee plants. But since 
the increase in both caffeine and allantoin levels was observed in high light-treated coffee plants, 
the authors suggested that high levels of allantoin under high light stress might not be related to 
caffeine degradation (Pompelli et al., 2013). Consistent with results reported by Pompelli et al. 
(2013), I showed that accumulation of allantoin under increased light intensity can be a response 
to excess light intensity. My research also shows that allantoin accumulates in Arabidopsis leaves 
which is not a high caffeine-containing plant species.  
In conclusion, the results reported by Malik et al. (2016) suggested that ureides accumulate 
in Eutrema leaf tissue in response to high irradiance and is also associated with higher tolerance 
of plants to photoinhibitation when grown under high light. It was proposed that ureides may 
contribute to protection of plants from photooxidative stress (Malik et al., 2016). My research on 
the effect of increased light intensity on ureide concentration provides a new insight into the 
contribution of a particular ureide compound, allantoin, in protection of plants in response to high 
light.  
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4.3. Enhanced levels of allantoin and allantoate in Arabidopsis seedlings induced by NaCl 
and mannitol treatments 
Salinity is one of the most important abiotic stresses that negatively effects rice (Oryza 
sativa) yield in most regions (Ondrasek et al., 2011). Therefore, recently there have been more 
studies focusing on metabolomic profiling or transcriptome comparison of salt-stressed rice or salt 
tolerant rice ecotypes in different developmental stages. In a number of these studies, higher 
concentrations of allantoin were found in salt-stressed rice. For example, metabolic profiling 
analysis showed that allantoin is one of the principal compounds that is enhanced in rice roots in 
response to a long term mild NaCl stress (Nam et al., 2015). However, the function and source of 
this compound in salt-stressed rice roots remains unknown (Nam et al., 2015). In the present 
research, I showed that allantoin, along with allantoate, increases in Arabidopsis seedlings that 
were treated with NaCl, compared to control non-treated seedlings (Figure 3.24). The source of 
these compounds is still unclear, but a decrease in expression of ALN and AAH with NaCl treatment 
was observed by RT-PCR analysis (Figure 3.25). More recently, Lescano et al. (2016) reported 
that allantoin accumulates under salt stress in Arabidopsis and its accumulation is mediated by 
downregulation of ALN. This report and my results support the effect of NaCl on ureides level 
regulated at the transcription level in Arabidopsis seedlings.  
Wang et al. (2016) reported that in response to NaCl treatment of rice seedlings, the 
concentration of allantoin was found to be 42.6-fold higher in roots of a salt-tolerant rice genotype 
compared to a salt-sensitive genotype. Thus, Wang et al., (2016) suggested that it is possible that 
an accumulation of allantoin directly contributes to the salt tolerance of salt-tolerant rice 
genotypes. In addition to rice, irrigation of Crithmum maritimum plants with 100 mM NaCl 
increased allantoin and allantoate levels by 3.5 and 2.3 fold, respectively (Ventura et al., 2014). 
Crithmum maritimum is a salt-tolerant plant species (a halophyte) that is well known for high 
levels of antioxidants (Meot-Duros and Magne, 2009; Ventura et al., 2014). Altogether, my results 
also propose that allantoin and allantoate may be critical metabolites in response to NaCl stress in 
Arabidopsis seedlings. 
Osmotic stress is imposed by drought, freezing and salinity stresses. Osmotic stress 
resulting from any of these abiotic stresses has a serious negative impact on plant growth (Xiong 
and Zhu, 2002). In the present reseach, I used mannitol to test the effect of osmotic stress on ureide 
accumulation in Arabidopsis seedlings. By exposing seedlings to osmotic stress induced by 
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mannitol, I found enhanced levels of allantoin and allantoate in the seedlings compared to control 
plants (Figure 3.24). Following mannitol treatment, consistent with elevated ureide level, 
expression of ALN in the seedlings reduced (Figure 3.25). These results are in line with a report 
by Watanabe et al. (2014a) of a significant increase of allantoin when Arabidopsis seeds were 
germinated and grown on media containing 150 and 200 mM mannitol. In addition, Ataln mutants 
with a constitutive high allantoin accumulation exhibited more osmotic stress tolerance and better 
growth in the presence of 100, 150 and 200 mM mannitol compared to wild-type (Watanabe et al., 
2014a). Taken together, the results of Watanabe et al. (2014a) and my observations underline the 
importance of allantoin in plant osmotic stress tolerance and the potential function of this 
metabolite in plant response to osmotic stress.  
Morover, interestingly, I observed that no ureides are detectable in seedlings exposed to 
NaCl and mannitol when tested between two and 10 hours of exposure. This might suggest that 
ureide accumulation is not involved in a short-term response to these stresses in Arabidopsis 
seedlings and their accumulation contributes to the moderate to long term response to stress.   
 
4.4. Expression of ureide metabolism genes under abiotic stress conditions 
Brychkova et al. (2008) reported that transcript levels of ureide synthesis genes (XDH1, 
UO) were enhanced in Arabidopsis under dark stress while transcripts of the ureide catabolism 
genes (ALN and AAH) were decreased. Transcript level of both ALN and AAH increased on day 1 
of dark treatment but then continuesly decreased up to day 6. After day 6, the plants were 
transferred to a 16 h light/8 h dark regime for recovery. Transcripts of ALN and AAH started to 
increase when tested three days after recovery. Watanabe et al. (2014a) subjected 18-day-old wild-
type Arabidopsis plants to 24-hour drought shock. They found that the expression of XDH1 and 
UO reached the maximum at hour 8 of the drought shock. Afterward, gene expression dropped 
steadily up to hour 24 of the shock treatment. Understanding ureide gene expression pattern under 
abiotic stress treatments was one of my goals for this part of the research. Some questions to be 
answered included: how the expression of ureide genes changes under abiotic stress conditions? 
Is accumulation of ureides under stress associated with alteration in expression of their 
biosynthesis and catabolism enzyme genes?  
In this study, the expression of ureide genes was tested in Arabidopsis leaves under drought 
and increased light intensity stresses. Under drought, an increase in expression of UO preceded 
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the other ureide genes, with a concurrent increase in levels of allantoin (Figure 3.9). Up-regulation 
of most ureide metabolism enzyme genes in response to withholding water on day 10 may be a 
general function related to the role of ureide metabolism in remobilizing nitrogen, but the lack of 
induction of ALN transcript level on day 10 led to the specific accumulation of allantoin (Figure 
3.9). This may also be a specific mechanism to induce allantoin accumulation, in response to 
upregulation of the other ureide metabolic genes. If so, this may have evolved after the mechanism 
that upregulates the entire pathway, as a specific mechanism to increase allantoin concentration. 
The observation of a wilting phenotype after 10 days of drought (Figure 3.12) may support the 
involvement of ureide gene expression in recycling nitrogen. However, while some cell death may 
have occurred (leading to a production of purine intermediates), most of the tissue recovered 
following re-watering, suggesting remobilization of nitrogen within the cell, rather than transport 
of nitrogen from senescing tissues. 
The transcript levels of UO and ALN were also measured in drought-stressed and untreated 
leaf samples using qRT-PCR. The dramatic changes in transcript levels of UO following 
withholding of water suggests the importance of UO function under stress (Figure 3.10). Although, 
the activity of UO and ALN was not tested, the increase in UO expression without a corresponding 
change in ALN expression can explain allantoin accumulation under stress under drought and 
possibly other stress conditions. Since significant urate stores have not been reported in 
Arabidopsis leaves routinely or under abiotic stress, therefore, either an increase of XDH 
transcription, post-translational activation of XDH enzyme activity, or both, would be expected to 
accompany an increase in UO transcription to provide urate as a substrate. Similarly to drought 
stress, the increase in the expression of UO with no change in expression of ALN led to the 
accumulation of allantoin in Arabidopsis leaves under increased light stress (Figure 3.18). Lower 
expression of ALN under both NaCl and mannitol treatments and AAH mainly under NaCl stress 
was also observed in the seedlings (Figure 3.25). 
Overall, my results show that increased levels of allantoin in response to stress in 
Arabidopsis is regulated (at least to some degree) by an induction of UO gene expression and 
possibly partly through a reduction of allantoin degradation to allantoate by ALN. Furthermore, it 
can be concluded that different abiotic stress conditions influence the expression of ureide 
metabolism genes. This effect mainly included the expression of UO in stressed-leaves and the 
expression of ALN and AAH in stressed-seedlings. The difference between developmental stage of 
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adult plants and seedlings might be an explanation for this observation. Although, there has not 
been any specific report on difference of ureide accumulation or expression pattern during plant 
development and growth, I consistently found more allantoin accumulation in adult plants’ leaf 
tissue than seedlings in my research. Lescano et al. (2016) suggested that the difference between 
accumulation or expression pattern of allantoin and allantoate in Arabidopsis under various abiotic 
stresses may result from the different impact of physiological stress and scenscence on regulation 
of purine catabolism  
 
4.5. Arabidopsis ureide mutants and their performance under abiotic stress 
In a parallel approach, homozygous T-DNA knock-out lines were used to address the 
question of whether mutants impaired in ureide metabolism were more susceptible or tolerant to 
abiotic stress conditions. The hypothesis was if a ureide compound is important in protecting plants 
in response to stress, its constitutive accumulation or impairment in its production might improve 
or decrease plant performance under stress, respectively.  
I examined four Arabidopsis knockout mutants of the ureide metabolism pathway, xdh1, 
aln, aah and uah. Arabidopsis xdh1 mutant is impaired in a gene upstream of allantoin while aah 
and uah mutants are impaired in downstream metabolism of allantoin. I found that the ALN-
knockout mutant (aln-3) with elevated levels of allantoin, but not the other three mutants, showed 
an enhanced stress tolerance under increased light condition (Figure 3.6). Similarly, under drought 
and NaCl stresses, aln-3 exhibited higher stress tolerance compared to the Col-0. Since xdh1, aah 
and uah plants did not exhibit stress tolerance phenotype, this may indicate that the stress tolerance 
phenotype of aln-3 is a result of allantoin accumulation. If the stress tolerance of aln-3 was the 
result of an overall inhibition of ureide metabolism, then the other mutants should probably show 
the same stress tolerance response.  
Although comparative transcript profiling of wild-type and aln mutant seedlings grown 
under standard conditions using microarray analysis demonstrated altered transcription patterns in 
several genes (Watanabe et al., 2014a), there has not been any report of altered visual phenotypic 
characteristics exhibited by allantoinase-negative plants. Under standard Arabidopsis growth 
conditions (Watanabe et al., 2014a) and with altered nitrogen sources (Yang and Han, 2004; 
Werner et al., 2008), aln growth has been similar to wild-type. In my study, aln-3 mutant also did 
not show a visual phenotype difference from wild-type under non-stress condition. However, 
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increased tolerance of aln-1 exposed to a one hour air-drying dehydration shock or mannitol/PEG 
osmotic stresses has been reported in Arabidopsis (Watanabe et al., 2014a).  
On the other hand, some findings showed that loss of gene function in enzymes upstream 
of ALN, including UO and XDH, can cause negative phenotypic changes. Hauck et al. (2014) 
reported that Arabidopsis uo mutants which accumulated uric acid exhibited low germination rate 
and were unable to develop to adult plants in the absence of supplemental sucrose in the media. 
Sucrose helped the mutant seedlings to develop roots and green cotyledons. As peroxisomes 
(glyoxysomes) were found to be defective in the uo mutants, it was suggested that this explains 
the need for external sucrose to serve as source of energy and carbon for seedlings to develop 
(Hauck et al., 2014). The mutants became independent from sucrose later in the growth stage and 
they were phenotypically similar to wild-type when tested under non-stress condition (Hauck et 
al., 2014). However, the response of UO mutants to the stress conditions has not been studied. 
Nakagawa et al. (2007) reported that Atxdh1 and Atxdh2 RNAi transgenic plants that accumulated 
xanthine exhibited severe growth and reproductive deficiency and advanced leaf senescence under 
normal growth conditions. Moreover, accelerated chlorophyll degradation and a higher number of 
dead cells were found in Atxdh1 mutants under stress, probably due to the lack of allantoin and 
allantoate in the mutants (Brychkova et al., 2008). Under drought shock, Atxdh1 and Atxdh2 RNAi 
knockdown seedlings accumulated less proline, a cellular protectant, and showed lower mRNA 
levels of the encoding gene for the proline biosynthesis enzyme (P5CS1) (Watanabe et al., 2014b). 
It was mentioned by Brychkova et al. (2008) and Watanabe et al. (2010) that the stress sensitive 
phenotype of xdh1 might be related to the lack of downstream compound(s) of the ureide 
metabolism pathway in this mutant. Overall, these results suggest that downstream compounds of 
ureide pathway such as allantoin and allantoate may effectively protect plants from the negative 
effects of the various abiotic stresses.  
In the present study, the improved stress tolerance in both seedlings and adult aln-3 mutants 
compared with wild-type suggests that an accumulation of allantoin increases stress tolerance 
throughout the vegetative growth period. The enhanced tolerance of aln-3 to drought stress was 
associated with increased fresh/dry weight (Figure 3.13), chlorophyll, and photochemical 
efficiency of PSII (Figure 3.15) compared to wild-type. The aln-3 plants also exhibited better 
performance under increased light conditions as shown by higher rates of chlorophyll and 
photochemical efficiency of PSII (Figure 3.22). In seedlings, the higher tolerance of aln-3 mutants 
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was significant in parameters such as root length and fresh weight under NaCl stress (Figures 3.27 
and 3.29). As allantoin metabolism is part of nitrogen re-mobilization in plants, negative effects 
of the loss of ALN function in aln-3 plants under non-stress conditions should be considered. 
However, in my research, I did not observe any visual negative effect of lack of expression of ALN 
in aln-3 plants. Interestingly, no negative effect was observed for aln-1 and aln-2 by Watanabe et 
al. (2014a). It is not clear if loss of ALN function in aln mutants is compensated for some other 
metabolic mechanism or the loss of ALN in the mutants is not phenotypically visible, at least under 
the growth conditions I employed. Both aln-3 seedlings and adult plants were provided with 
nitrogen either in their MS media, or their irrigation water (as fertilizer), during the experiments.  
Results presented here are the outcome of using a different aln line as reported by 
Watanabe et al. (2014a), and in response to different stress treatments and vegetative stages. This 
indicates that constitutively high levels of allantoin in aln mutants leads to the better response of 
Arabidopsis under abiotic stress and suggests that allantoin might confer a plant stress tolerance 
during growth and development from seedling to adult stage.  
 
4.6. Effect of exogenous allantoin on increasing the tolerance of seedlings to NaCl stress 
The overall results of this study suggest that the ureide compound, allantoin, confers plant 
tolerance under abiotic stress conditions. However, another question might be: can an exogenous 
application of allantoin increase plant stress tolerance? The hypothesis that allantoin can improve 
plant tolerance to abiotic stress (here NaCl stress) was tested by analysing the influence of 
exogenous allantoin on the performance of Arabidopsis seedlings under NaCl stress.  
Watanabe et al. (2014a) tested the effect of an exogenous application of allantoin on 
expression of typical stress marker genes (RD29A, RD29B and RD26) in wild-type Arabidopsis 
seedlings under non-stress condition. The expression of these genes was induced with 100 and 
1000 µM exogenous allantoin treatment of the seedlings. Furthermore, transcript levels of NCED3, 
a gene that encodes a key ABA biosynthesis enzyme, was increased by application of 1000 µM 
exogenous allantoin (Watanabe et al., 2014a). Based on these results, I selected the same 
concentrations of allantoin (0.1 mM and 1 mM) to test the effect of exogenous allantoin under 
NaCl. 
I tested the effect of exogenous applications of allantoin on Col-0 seedling tolerance under 
100 mM NaCl stress in two sets of experiments as described in section 3.6. Reduction of plant 
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growth is a common effect of salinity stress (Parihar et al., 2015). In my experiments, the NaCl 
treatment of Arabidopsis Col-0 seedlings led to a lower fresh mass and root length compared to 
no NaCl treatment. However, an exogenous application of 0.1 mM allantoin enhanced seedling 
mass and root length when grown under 100 mM NaCl (Figures 3.30 and 3.31) or when exposed 
to 100 mM NaCl compared to only NaCl media (Figures 3.35 and 3.36). Although, an application 
of 1 mM allantoin did not show any noticeable beneficial effect on seedlings’ performance, it also 
did not have a negative effect compared to the media with only NaCl. These overall results indicate 
that allantoin has a positive effect on seedling tolerance to NaCl stress.  
Accumulation of the amino acid proline in higher plants has been reported frequently under 
various environmental stresses (Debnath et al., 2011). Proline is an osmolyte compound with the 
main function of osmotic adjustment under stress condition such as salinity. Proline can also play 
other roles under stress such as stabilizing enzymes and cellular structures and scavenging ROS 
(Ashraf and Foolad, 2007). Application of exogenous proline has been frequently reported to 
improve plant salt-tolerance (Khedr et al., 2003; Hoque et al., 2007; Hoque et al., 2008; Sobahan 
et al., 2009; Ben Ahmed et al., 2010; Nounjan et al., 2012). Therefore, I used the same 
concentrations of proline as allantoin to have a control compound for seedling performance under 
NaCl and exogenous allantoin. 
In my experiments, generally exogenous allantoin increased seedling tolerance at 0.1 mM 
concentration, while proline was more effective on 1 mM. The difference between the effective 
concentrations of these two compounds probably is related to the variation in their mechanism or 
function under NaCl stress. The prelimenary results in this part suggest that unlike proline, that 
has an osmoprotectant function, allantoin might be involved in a signalling mechanism. This may 
explain the effect of allantoin on NaCl stress tolerance at 10 fold less concentration compared to 
the effective concentration of proline. Altogether, this speculation is based on my observation on 
allantoin having a positive effect on seedling tolerance at lower concentration (compared to 
proline), it is also supported by the results of Watanabe et al. (2014) and Takagi et al. (2016) on 
the effect of allantoin on activation of ABA and jasmonate metabolism.  However, I did not 
measure allantoin or proline levels in seedlings under different treatments. Clearly more 
experiments need to be performed to explain the function of exogenous allantoin on enhancing 
NaCl tolerance and the difference between the mechanism of exogenous allantoin and proline. In 
the meanwhile, the current results indicate the positive effect of a concentration of allantoin on 
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seedling stress tolerance as already was established for the well-known stress compound, proline. 
More investigations on the effect of exogenous application of allantoin on adult plant tolerance 
and the plant’s metabolic response to this compound under abiotic stress could provide more 
applicable advantages.  
 
4.7. Allantoin  
Historically, in plants, the most documented information about allantoin is from legumes. 
Allantoin had been primarily studied along with allantoate as important compounds in nitrogen 
storage and translocation. However, during the course of my work, the research on abiotic stress, 
especially profiling of stress-inducible metabolites in plant tissues and the metabolic analysis of 
stress-tolerant plants (Oliver et el., 2011; Yobi et al., 2013; Degenkolbe et al., 2013; Nam et al., 
2015), has increased attention on allantoin in plants more than ever. The potential function of 
allantoin in response to dehydration has been suggested in a number of global metabolic and 
biochemical studies of dessication-tolerant plants (Oliver et el., 2011; Yobi et al., 2013). In both 
of these studies, allantoin concentration was more abundant in the Sporobolus stapfianus (Oliver 
et al., 2011) and Selaginella lepidophylla (Yobi et al., 2013) under dehydration stress. High levels 
of allantoin have been observed in tolerant populations of rice cultivars under drought. Allantoin 
and other metabolites (e.g. galactaric, gluconic acid and salicylic acid glucopyranoside) identified 
by metabolite profiling have been proposed as promising marker candidates for drought tolerance 
(Degenkolbe et al., 2013). Allantoin was suggested as a metabolic marker of salt stress since it 
was accumulated in all 38 tested rice genotypes in response to long term salinity stress (Nam et 
al., 2015).  
Wang et al. (2007) reported the possibility of allantoin release from rice roots to the 
rhizosphere and its interaction with the soil bacteria and other organisms. It was not clear if the 
effect of allantoin on the rhizosphere would be related to nitrogen metabolism or an unknown 
signalling process. Additionally, exogenous applications of allantoin in rice soil increased 
microbial diversity as well as microbial biomass carbon (Wang et al., 2010b). However, it is still 
to be determined if an exudation of allantoin from roots into the soil or an application of allantoin 
results in a significant advantage for rice (Wang et al., 2010b).  
Recently, higher levels of allantoin has been reported under nitrogen deficiency (Pompelli 
et al., 2013) and phosphorus limitation (Pant et al., 2015) in coffee and Arabidopsis plants, 
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respectively. Enhanced levels of allantoin has been found in Arabidopsis seedlings in response to 
air-drying and osmotic stresses (Watanabe et al., 2014a). Rose et al. (2012) reported that in 
response to zinc deficiency and excess amount of bicarbonate, nitrogen rich metabolites including 
allantoin accumulated in rice roots.  
The results of the present study demonstrated enhanced levels of allantoin in adult 
Arabidopsis plants under drought and increased light intensity stresses and in seedlings under NaCl 
and mannitol treatments. Moreover, an exogenous application of allantoin significantly improved 
plant performance under NaCl stress. Generally, my results confirm that allantoin has a potential 
role(s) in response to abiotic stress in plants but since the clarification of function of allantoin was 
not the focus of this research, I have not studied the molecular and cellular aspects of allantoin 
mechanism in details. It also seems that due to the limited knowledge on allantoin’s involvement 
under abiotic stress response especially until recently, the potential function of allantoin under 
stress has not been explicitly studied in most of the reports on allantoin. In the next section, I have 
collected the available information and suggestions on the function of allantoin under abiotic stress 
conditions in plants. 
 
4.7.1. The function of allantoin under abiotic stress 
The mechanism behind allantoin as a stress protectant is still a controversial topic. While 
some reports have proposed that allantoin functions as an antioxidant (Gus’kov et al., 2004; 
Brychkova et al., 2008), other studies have suggested that allantoin functions under stress response 
with a non-antioxidant role (Wang et al., 2012, Watanabe et al., 2014a). To date, the two main 
hypothesis for allantoin’s role under abiotic stress include influencing ABA signaling and/or 
antioxidant activity.  
The phytohormone ABA plays important roles in plant responses to abiotic stresses such 
as induction of production of ROS (Jiang and Zhang, 2002) and enhancement of the activity of 
enzymatic and non-enzymatic antioxidants (Jiang and Zhang, 2004). The interest in a possible link 
between the ureide pathway and ABA was principally developed in a report by Yesbergenova et 
al. (2005). The authors reported that an increase in the activity of XDH in tomato parallel the 
increase in ABA level under water stress. Moreover, the expression of both XDH1 and XDH2 
(more significantly XDH1) was induced in response to an exogenous application of ABA. 
(Yesbergenova et al., 2005). Later, in 2010, Alamillo et al. reported the effect of an application of 
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exogenous ABA on transcript levels of UO, ALN and AAH in leaf and shoot tissues of common 
bean in the absence of stress. The expression of all three genes was significantly induced compared 
to untreated control samples. Based on these observations, an effect of ABA on the expression of 
ureide genes was suggested to be a mechanism to trigger leaf senescence in order to recycle enough 
nitrogen for the rapid formation of seeds (Alamillo et al., 2010). However, Watanabe et al. (2014a) 
reported that the interaction of ABA and ureide metabolism is related to abiotic stress tolerance in 
Arabidopsis rather than recycling nitrogen. ABA is synthesized through a complex de novo 
pathway in plants. The cellular level of ABA can also be determine by ABA conjugation and de-
conjugation reactions (Nambara and Marion-Poll, 2005). ABA conjugation refers to the 
inactivation of ABA by conjugation to another molecule, most commonly glucosyl ester. During 
ABA de-conjugation, hydrolysis of the conjugated ABA results in a free pool of ABA in cells (Lee 
et al., 2006). The results of Watanabe et al. (2014a) showed that both ABA de novo biosynthesis 
and the de-conjugation of ABA glucose esters were activated in aln mutants under non stress 
conditions. Moreover, even without stress treatment, an application of exogenous allantoin to wild-
type Arabidopsis seedlings resulted in the activation of both ABA production steps as well as 
higher levels of ABA. Altogether, Watanabe et al. (2014a) suggested that allantoin functions in 
the abiotic stress response by an activation of ABA metabolism in Arabidopsis and the 
significantly higher accumulation of ABA in the aln-1 mutant might be the source of the tolerant 
phenotype of this mutant under stress. Most recently, the role of allantoin in activation of the 
jasmonate signaling pathway probably through an ABA-dependent mechanism was suggested 
(Takagi et al., 2016). The authors reported that in aln-1 mutants of Arabidopsis, expression of 
ABA- and jasmonate-responsive genes is upregulated compared to wild-type plants under non-
stress condition. They also found that an exogenous application of allantoin induced the expression 
of jasmonate responsive genes in wild-type plants suggesting that allantoin might be involved in 
stress signaling and hormone homeostasis and interaction (Takagi et al., 2016). Further 
examinations would throw light on physiological functions of allantoin and its potential 
relationship with other ureides under stress. 
On the other hand, like many of the abiotic stresses, prolonged drought stress is associated 
with impaired ROS balance and accumulation of ROS (Gechev et al., 2006; Petrov et al., 2015). 
Excess generation and accumulation of ROS during stress can result in oxidative damage and an 
induction of cell death (Mittler, 2002; Golldack et al., 2014). In the present research, lower 
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concentrations of O2
- and H2O2 were found in drought-stressed aln-3 leaves than in wild-type 
leaves (Figure 3.16). Allantoin and allantoate were previously identified to act as cell ROS 
protectants in response to senescence since their presence decreased ROS accumulation in wild-
type Arabidopsis after dark treatment (Brychkova et al., 2008). It is been reported that a deficiency 
in uric acid and downstream metabolites of uric acid in an Arabidopsis XDH-mutant under drought 
shock resulted in an accumulation of a high concentration of H2O2 in the mutant seedlings 
compared to wild-type (Watanabe et al., 2010). An application of exogenous uric acid elevated 
drought shock tolerance in XDH-suppressed Arabidopsis seedlings suggesting that the 
intermediates of ureide metabolism might provide the antioxidative potential required for 
protection of the plant (Watanabe et al., 2010).  
Gus’kov et al. (2001) reported that allantoin may be able to modulate or induce the activity 
of antioxidant enzymes under oxidative stress conditions. Pre-treatment with allantoin 
significantly increased the activity of superoxide dismutase and catalase in various tissues of rats 
exposed to high oxygen pressure compared to controls. Furthermore, pre-treatment of onion 
(Allium cepa L.) seedlings with allantoin before H2O2 treatment reduced the levels of chromosomal 
aberrations (Gus’kov et al., 2004). Wang et al. (2012) reported that levels of allantoin in rice grains 
showed a positive correlation with seedling survival under low temperature and drought stress but 
allantoin did not show an antioxidant function. It is well known that uric acid acts as an antioxidant 
in human plasma, protecting cells by scavenging harmful radicals (Yeum et al., 2004, Hediger et 
al., 2005). However, excess amounts of uric acid have been found to be toxic in both plant (Hauck 
et al., 2014) and human (Sautin and Johnson, 2008) cells. To date, no toxic effect has been reported 
for high levels of allantoin in ALN-mutants of Arabidopsis which accumulate allantoin. Gus’kov 
et al. (2004) reported that a comparison of the effects of different levels of allantoin on its 
antimutagenic activity indicated that allantoin did not display cytotoxic or cytostatic effects at high 
concentrations (up to 10-2 M) in onion seedlings. 
Overall, based on these reports, although allantoin has shown antioxidative effects or has 
reduced ROS levels in plant tissues, there has been no reports on in vitro antioxidant activity of 
allantoin. In an experiment done in the Todd lab, exogenous H2O2 was applied to solutions with or 
without soybean leaf discs and with or without allantoin. The ROS amount did not show a 
significant change in solutions containing exogenous allantoin without leaf discs. However, pre-
treatment of leaf discs with allantoin decreased the exogenous H2O2 level, indicating the indirect 
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effect of allantoin on reducing ROS levels. The requirement of the leaf discs for allantoin to be 
effective suggests that this effect is a cellular process such as up-regulation of cell ROS 
detoxification activities (Jodi Souter, U of S PhD Thesis). Therefore, the indirect function of 
allantoin in reducing ROS under stress rather than a direct antioxidant activity may provide the 
explanation for all of the observations on allantoin antioxidant activity to date. However, in the 
case of plants, it is still not clear whether allantoin modulates the ROS scavenging process directly 
or indirectly through ABA production and the effects of ABA in response to stress in plants. 
Accumulation of ABA under stress can increase ROS generation whereas it also upregulates the 
transcript of antioxidant enzymes and elevates the activity of antioxidant enzymes (Jiang and 
Zhang, 2002). Moreover, allantoin might play additional unknown roles during abiotic stress in 
plants in order to mediate ROS levels. 
 
4.8. Principle questions addressed in this thesis and anticipated significance of the research 
My research provides an update on ureide metabolism in plants under a number of abiotic 
stresses. To date, all of the work regarding ureide metabolism under prolonged drought has been 
done in legumes, considering the importance of ureide metabolism in these plants (transport of 
fixed nitrogen). This work provides the first report on ureide level and expression of ureide 
metabolic genes in a non-legume plant under prolonged drought. It also indicates a common 
molecular mechanism in induction of UO expression, that probably contributes to the 
accumulation of allantoin in Arabidopsis under drought and increased light intensity. Aside from 
extended drought, this is the first report on ureide content and gene expression in Arabidopsis 
seedlings exposed to NaCl as well as the effect of exogenous allantoin on seedling tolerance to 
NaCl. Overall, the combination of experiments on drought and increased light in adult plants, and 
NaCl and mannitol treatments in seedlings, have identified potential common regulatory 
mechanisms. Based on all of my observations, I have developed a model to explain the ureide 
metabolism response to abiotic stress conditions in Arabidopsis.  
As depicted in Figure 4.1, in response to abiotic stress, uriedes (mainly allantoin) 
accumulate in plant cells. Simultaneously, the transcription of UO, which encodes the enzyme 
uricase involved in allantoin production, is up-regulated early after abiotic stress. It seems that UO 
is the first gene in the pathway, the expression of which is affected by stress conditions. While, 
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transcription of gene(s) coding for enzymes involved in the degradation of accumulated ureide 
compound(s) do not show a change or are decreased.  
Early in my thesis work, to investigate the possible effect of ureide gene mutations in a 
plant’s response to stress, a number of T-DNA insertion mutants defective in various steps of the 
ureide metabolism pathway were used. Based on preliminary results from phenotypic comparisons 
of a number of these mutants and the initial observation of allantoin accumulation in wild-type 
plants under stress, aln was selected for more detailed investigation. The ALN-knockout mutation 
in aln-3 resulted in an elevated amount of allantoin and increased the stress tolerance in the mutant 
in response to various abiotic stress conditions.  
The results of this research indicate an involvement of the ureide pathway under stress is 
mostly through the synthesis and accumulation of allantoin which improves the performance of 
aln mutant plants under stress when accumulated at high levels. Under non-stress condition, the 
ureide metabolism pathway functions in recycling nitrogen from purines but in response to stress 
condition the function of the pathway is not limited to nitrogen re-mobilization. Accumulation of 
allantoin in cells might have different impacts on plant stress tolerance and might play various 
roles that still need to be clarified. Based on results of this research and current knowledge on 
allantoin, I formed a model proposing a putative role or roles for allantoin in plants under abiotic 
stress (Figure 4.2). 
The questions which were addressed here can be used for further investigation of ureide 
metabolism and accumulation in stress-tolerant plant species from different genera. More 
importantly, the results obtained here will provide an insight into the role of uriedes in important 
crops under stress. Further studies will help to ascertain the function of ureide accumulation and 
could be useful in future breeding programmes to improve the abiotic stress tolerance in crops. 
Finally, the tools I have provided to analyze the promoter::reporter and overexpression lines can 
be incorporated to increase our knowledge on ureide accumulation or function in Arabidopsis. 
Altogether, the information provided by this research can help and encourage plant 
scientists to pursue additional investigation of ureides (including allantoin) and their role in 
mediating abiotic and potentially biotic stress response in plants. 
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Figure 4.1. Proposed model depicting the effect of abiotic stress on ureide metabolism. Abiotic stress 
conditions positively affects the expression of UO relatively early in response to stress, but has a negative 
effect or no effect on the expression of ALN. Therefore, allantoin level increases under abiotic stress in 
Arabidopsis. UO; Urate Oxidase. ALNS; Allantoin Synthase. ALN; Allantoinase. 
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Figure 4.2. Proposed model for the possible role(s) of allantoin in Arabidopsis under abiotic stress. 
Under non-stress condition, allantoin, as part of the ureide metabolic pathway, helps the plant to recycle 
nitrogen from purine compounds. Under stress condition, the level of allantoin increases in the plant to aid 
the plant in coping with unfavourable condition. Allantoin can increase plant stress tolerance by mediating 
the production of ABA or mediating the amount of ROS. However, apart from these roles, allantoin may 
contribute to plant stress tolerance by other functions that needed to be elucidated, and may interact with 
each other.  
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4.9. Remaining questions 
 
The results obtained in this study in association with other observations on ureide 
accumulation under abiotic stress can be useful agriculturally. However, once the main questions 
of this research are answered, more questions that need to be addressed include: how will ureide 
enzyme genes be expressed in specific tissues or morphological stages change in response to 
abiotic stress? Will expression show coincident increase with accumulation of ROS in these 
tissues? In order to answer these question, a number of Arabidopsis ureide promoter-reporter lines 
will be constructed using reporter genes (e.g. GFP). Then, under controlled environmental 
conditions, the proteins will be localized using enzymes with GFP or GUS fusion under the control 
of their own promoters. The other main question is: how will transgenic plants overexpressing 
ureide genes respond to abiotic stress conditions compared to wild-type plants? To answer this 
question, a number of ureide overexpression lines (using CaMV 35S promoter) will be generated 
and will be used in abiotic stress experiments. In order to answer these questions, I have generated 
two ureide transgenic plants (including XDH1 promoter::reporter and UO overexpressed plants) 
and some of the tools to develop the transgenic Arabidopsis lines. The procedures to generate 
vector constructs with a number of ureide promoters and coding genes and subsequent transgenic 
plants are described in Appendix A. These materials will be completed or used by other researchers 
in our group (or other groups) to answer the questions in this section.  
Other remaining questions include: Is ABA mediation the only function of allantoin under 
abiotic stress or is it involved in protecting plants by other mechanism(s), such as regulation of 
other hormones? Where exactly in the cell does allantoin accumulate and function in response to 
stress? Allantoin is formed in the peroxisome and then translocated through the cytosol to the 
endoplasmic reticulum where it is converted to allantoate by allantoinase (Werner and Witte, 
2011). In addition to de novo ABA synthesis in plastids, it is likely that ABA increases in response 
to abiotic stress results from de-conjugation of ABA-glycosides through the action of ER-localized 
β-glucosidases (Watanabe et al., 2014a). Thus, co-localization of allantoinase and these β-
glucosidases in the ER may explain how and when allantoin influences ABA production in 
response to stress. 
As part of this reseach, my focus has been toward understanding the molecular aspect of 
ureide accumulation. However, for more definite conclusion about the regulation of ureide 
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accumulation, detecting the activity of the ureide enzymes under stress would be beneficial. 
Moreover, studying the activities of antioxidant enzymes in aln-3 mutant plants and/or in response 
to exogenous application of allantoin in wild-type plants might be informative. Additionally, 
addressing the posttranslational regulation of proteins involved in this process may provide better 
insight into the physiological functions of these proteins or clues to the gene regulatory 
mechanisms. Finally, identification and study of ureide transporters was not included in this 
research, but finding these transporters that contribute to the transporting of ureides inside the cell 
would provide instructive information to further ureide research.  
Finally, in order to fully utilize this knowledge more investigations should be conducted 
since there are still many questions remaining to be answered. For example, are the other 
compounds and genes in the ureide pathway only involved in recycling nitrogen or are they also 
involved in stress or ABA response? An interesting report in late 2015 suggested that 
ureidoglycolate amidohydrolase (UAH), the last enzyme in the ureide metabolism pathway, is 
involved in the regulation of low temperature response but not ABA in rice (Li et al., 2015). In 
contrast to a dramatic increase in the expression of UAH in response to low temperature, ABA 
treatment had no effect on UAH transcript at any tested time point (Li et al., 2015). Therefore, 
more studies will help us to understand the regulation and function of ureide metabolism genes 
that may contribute to plant stress responses.  
 
As my research and recent reports indicate, the use of allantoin (and other potential ureides) 
in order to enhance plant tolerance, or as a marker for stress, under both abiotic and biotic stresses 
is highly promising. It has been suggested that allantoin can be a potential metabolic marker of 
drought (Degenkolbe et al., 2013) and salt stress (Nam et al., 2015) response in rice, since it 
probably is a conserved metabolic marker in most of the rice genotypes. Further research in the 
direction to answer outstanding remaining questions would particularly assist the establishment of 
beneficial applications in the future.  
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5. APPENDIX A. Cloning 
 
Generation of tools to study the expression of a number of ureide metabolism 
coding genes and their overexpression 
 
A1. INTRODUCTION 
Development of modified insertion element systems such as fusions of promoterless 
reporter genes with the promoter sequence of genes of interest provides the way to analyze the 
gene expression of the gene of interest. These systems have been designed to use the reporter genes 
to monitor the expression of individual genes by identification of the location and time of 
expression of the tagged promoter (Springer, 2000). In my research, the promoter-reporter 
constructs of a number of Arabidopsis ureide metabolism genes were constructed. Ureide gene 
promoters were inserted in a vector to drive expression of β-glucuronidase (GUS) and green 
fluorescent protein (GFP) in plants. These constructs will be used in future experiments to address 
questions regarding when or where (what cells) genes involved in ureide metabolism are expressed 
following stress treatment. 
In 1987, the GUS encoding gene, β-D-glucuronidase in Escherchia coli was introduced as 
a new tool to assay the activity of genes in transgenic plants (Jefferson et al., 1987). The GUS gene 
can be detected easily by histochemical, spectrophotometrical or fluorimetrical tools based on type 
of the substrate used for the assay (Jefferson et al., 1986). The GUS reporter gene can act as a tag 
for identification of the expression pattern of a gene in a cell under different developmental stages 
or abiotic stress conditions (Jeon et al., 2000). Green fluorescent protein (GFP) derived from 
coelenterates such as pacific jellyfish (Aequorea victoria) (Chalfie et al., 1994) is a spontaneously 
fluorescent protein that can be used as a protein tag (Yang et al., 1996). GFP was first cloned by 
Prasher et al. (1992) and used as a marker to study gene expression by Chalfie et al. (1994). The 
fluorescent protein has 238 amino acids with the ability to absorbe blue light (395 nm) and 
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emission of green light (509 nm). Fusion of GFP coding sequence to host genes with known or 
unknown functions has enabled scientists to localize the expressed genes and their encoding 
proteins movement through different cell compartments (Hanson and Kohler, 2001).  
In the present research, the pCAMBIA1303 vector has been used as cloning vector for 
plant transformation. pCAMBIA vectors were derived from pZAP vectors by Hajdukiewicz et al. 
(1994) and some of their advantages are: high copy number in E.coli, high stability in 
Agrobacterium, chloramphenicol or kanamycin selection for bacteria and hygromycin B or 
kanamycin selection for plants. pCAMBIA1303 has both GFP and GUS reporter genes available 
as gusA-mgfp5-His6 fusion (http://www.cambia.org). 
In addition to promoter-reporter constructs, I have also constructed a number of ureide 
gene overexpression constructs. The questions to answer were: does overexpression of ureide 
genes change plant abiotic stress response or stress tolerance? Overexpression studies were 
initiated after the development of techniques for yeast transformation (Beggs 1978; Hinnen et al., 
1978) and genomic library construction (Nasmyth and Reed, 1980; Carlson and Botstein, 1982). 
However, overexpression research has not been restricted to yeast and have been successfully used 
in a number of organisms such as Xenopus, Drosophila and Arabidopsis (Prelich, 2012). Studying 
the overexpression of genes has contributed much to our understanding and knowledge of 
molecular biology and provides a research tool with distinct advantages such as overexpression of 
wild-type protein in mutant background, phenotype studies in epistasis tests and identification of 
drug targets (Prelich, 2012). Stress response genes or their regulator genes can be transferred to 
and expressed in Arabidopsis using Agrobacterium mediated transformation which can lead to 
biochemical and physiological changes in growth and development of plants under stress. 
Overexpression has been wildely used to study plant transcriptional regulation, osmoprotectants 
and stress signaling (Ahmad and Rasool, 2014).  
In general, I amplified the coding sequence of a number of ureide genes using PCR and 
inserted them into pCAMBIA 1303, with expression driven by CaMV 35S, a strong promoter of 
the Cauliflower Mosaic Virus (CaMV). Cauliflower Mosaic Virus affects many plants in the family 
Brassicaceae (Schoelz and Bourque, 1999). The genome of CaMV is a double stand circular DNA 
of 8 kbp with two main RNA transcripts of 19S and 35S (Ho et al., 1999). The CaMV 35S promoter 
has 350 bp upstream of the 35S transcript and about 250 bp which overlaps with the end of the 
open reading frame at the previous gene. The promoter has three domains; TATA box and two 
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major enhancers. The 35S promoter is an efficient constitutive promoter and its functionality has 
been confirmed in many organisms other than plants such as bacteria and animals (Hull et al., 
2000). From the CaMV 35S promoter, different hybrids or combination promoters have been 
constructed to drive transgene expression in transgenic plants, such as hybrids of 19S and 35S 
enhancers or double 35S promoters (Ho et al., 1999). pCAMBIA vectors have a double-enhancer 
CaMV35S promoter (www.cambia.org).  
The promoter::reporter tools that were developed in this part will be used to localize ureide 
metabolism enzymes under controlled environmental conditions using the fusion of GFP or GUS 
under the control of promoters of ureide metabolism genes. The overexpression ureide tools will 
be used to study the effect of overexpression of ureide metabolism enzymes on plant abiotic stress 
response using a fusion of ureide genes to the strong CaMV 35S promoter.  
 
 
A2. MATERIALS AND METHODS 
 
A2.1. Ureide promoter region prediction 
The promoter of XDH1, UO, ALN and AAH in this research was estimated using 
information from prediction software, mainly TSSP program (http://www.softberry.com) and 
Promoter Scan (http://www-bimas.cit.nih.gov/molbio/proscan/). Transcription element locations 
were also predicted by software PLACE (Higo et al., 1999) 
(http://www.dna.affrc.go.jp/database/).  
Promoter Scan is a computer program which has been developed and publicized in 1995 by 
Dr. Dan Prestridge (Molecular Biology Computing Center, University of Minnesota). This 
program uses a recognition algorithm for the majority of eukaryotic RNA polymerase II promoters 
(70% correct promoter recognition) with a small false positive rate (~1/5565 bases in non-promoter 
sequence set) (Prestridge, 1995). In simple terms, Promoter Scan reports the estimated promoter 
regions such as TATA box or transcriptional start site position (TSS) (Prestridge, 1995). TSSP is 
another computer program that works with a PromH algorithm with an ability to localize both 
promoter and TSS which makes it a more sensitive and more specific algorithm than previous 
ones. PromH can localize transcription starting sites (TSS), TATA boxes, known regulatory 
elements around the TSS and conserved regulatory motifs in orthologous gene pairs (Solovyev 
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and Shahmuradov, 2003). In the present research, in order to amplify the genes promoter, I used 
‘core promoter’ upstream the start codon (several hundred nucleotides around the transcription 
start site which is believed to direct RNA polymerase II to a right position) and ‘distal promoter’ 
region (up to a few thousands of nucleotides upstream transcription start site) to design primers. 
 
A2.1. Construction materials and primers  
In the present research, pCAMBIA1303 has been used as the transformation vector (Figure 
A1). For initial cloning and sequencing of PCR products the pCRTM-Blunt II- TOPO plasmid 
vector (3519 bp) from the Zero Blunt TOPO PCR Cloning Kit (Invitrogen, CA, USA) was used. 
Electro-competent E. coli and Agrobacterium tumefaciens were prepared according to the 
procedures described by Sambrook and Russell (2001).  
Primers that designed to amplify a promoter or coding sequence of ureide metabolism 
genes are listed in table A1. To choose restriction enzymes which do not cut the insert sequence, 
NEBcutter V2.0 (New England BioLabs; www.nc2.neb.com/NEBcutter2) was used. No restriction 
enzyme sites were used for cloning the UO promoter since all the potential restriction enzymes 
would also cut the UO promoter (this promoter will be cloned using a blunt end cloning method). 
Where restriction sites were included in PCR primers, the overhang sequence of CACACA was 
added to the 5’ of each primer. The overhang sequence improves direct digestion of PCR products 
since it moves the added restriction enzyme site away from end of the PCR product.   
 
A2.3. Standardization of PCR Conditions 
An Eppendorf thermal cycler (Eppendorf MasterCycle Gradient, Germany) was used for 
all PCRs. Pfu DNA polymerase, PCR buffer + MgCl2 (Fermentas; ThermoFisher Scientific 
Waltham, MA, USA) and deoxyribonucleotide mix (BioShop, Burlington, ON, Canada) were used 
as the PCR reagents. The final concentration of PCR reagents in the PCR was: 1X PCR buffer, 0.3 
µM of each primer, 0.05 units/µL Pfu DNA polymerase and 200 µM deoxyribonucleotide mix. 
PCR conditions were standardized to amply the promoters or coding sequences using the specific 
primers with overhang. Table A2 shows the optimized PCR conditions for each target. 
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Figure A1. pCAMBIA1303 vector structure. pCAMBIA1303 contains both GFP and GUS reporter genes 
as a gusA-mgfp5-His6 fusion and CaMV 35S promoter. The image is taken from Cambia website 
(http://www.cambia.org). 
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Table A1. List of primers used to amplify the promoter or coding sequences of ureide genes. Red 
nucleotides in the primer sequence represent restriction enzyme sites and the gray nucleotides are extra 
overhangs. Sequences of the primers are presented as 5’ to 3’. 
 
 
Primer 
 
Gene 
 
Product length 
CACACAGAATTCGGACCCGGAAGCTACAAAAT  
 
Xanthine dehydrogenase 1 (XDH1) 
(at4g34890) Promoter 
1084- Forward 
CACACACCATGGAAATTGAGAGAAAACTCGATTGG  
 
Xanthine dehydrogenase 1 (XDH1) 
(at4g34890) Promoter 
1084- Reverse 
CACACAACTAGTATGGGTTCACTGAAAAAGGACG 
 
Xanthine dehydrogenase 1 (XDH1) 
(at4g34890) Coding sequence 
4119- Forward 
CACACAGGTGACCTCGATCTGTTTCCCCTCTGA 
 
Xanthine dehydrogenase 1 (XDH1) 
(at4g34890) Coding sequence 
4119- Reverse 
CACACAGAATTCGAGTGTATGTGTTAGCCACGGTA  
 
Allantoinase (ALN) 
(At4g04955) Promoter 
1514- Forward 
CACACACCATGGGATCTCTTCTGCGATTATTTGGA  
 
Allantoinase (ALN) 
(At4g04955) Promoter 
1514- Reverse 
CACACACCATGGTGGAGAGAACTTTGCTTCAATGG 
 
Allantoinase (ALN) 
(At4g04955) Coding sequence 
1603- Forward 
CACACAGGTCACCTTGCAACATGAGAGCAACTCTT 
 
Allantoinase (ALN) 
(At4g04955) Coding sequence 
1603- Reverse 
 CACACAGAATTCTGCTTAAAGAGCATGGATCAGA 
 
Allantoate Amidohydrolase (AAH) 
(at4g20070) Promoter 
1133- Forward 
 CACACAACTAGTGCTGCCGATTTAAGAGGTTG 
 
Allantoate Amidohydrolase (AAH) 
(at4g20070) Promoter 
1133- Reverse 
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CACACAACTAGTATGGCGGTTCCTCATCCTTCTTCTT 
 
Allantoate Amidohydrolase (AAH) 
(at4g20070) Coding sequence 
1694- Forward 
CACACAGGTCACCTGCAGTTCCAAAGAGTACACAGA 
 
Allantoate Amidohydrolase (AAH) 
(at4g20070) Coding sequence 
1694- Reverse 
TATAAAGCTCGGGGGCAAG 
 
Uricase (UO) 
(At2g26230) Promoter 
1692- Forward 
TCAAACCAAATTGATACATAGAAACA 
 
Uricase (UO) 
(At2g26230) Promoter 
1692- Reverse 
CACACACCATGGCACAAGAAGCCGATGGGATC 
 
Uricase (UO) 
(At2g26230) Coding sequence 
996- Forward 
CACACAGGTCACCAACGCCAAAAGTTGCAGAAC 
 
Uricase (UO) 
(At2g26230) Coding sequence 
996- Reverse 
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Table A2. PCR conditions used for amplification of each sequence.  
XDH1: xanthine dehydrogenase 1; UO: uricase; ALN: allantoinase; AAH: Allantoate Amidohydrolase  
 
Gene PCR condition 
XDH1 -Coding sequence Initial denaturation 95 ºC 3 min, 32 cycles of 95 ºC 30 sec, 60 ºC 40 sec, 
72 ºC 1 min, final extension 72 ºC 4 min 
UO -Coding sequence Initial denaturation 96 ºC 3 min, 34 cycles of 94 ºC 30 sec, 64 ºC 55 sec, 
72 ºC 90 sec, final extension 72 ºC 4 min 
ALN -Coding sequence Initial denaturation 96 ºC 3 min, 32 cycles of 95 ºC 30 sec, 60 ºC 40 sec, 
72 ºC 1 min, final extension 72 ºC 4 min 
AAH -Coding sequence Initial denaturation 95 ºC 2:30 min, 30 cycles of 95 ºC 30 sec, 58 ºC 30 
sec, 72 ºC 40 sec, final extension 72 ºC 3 min 
XDH1 -Promoter Initial denaturation 95 ºC 3 min, 30 cycles of 95 ºC 30 sec, 62 ºC 60 sec, 
72 ºC 60 sec, final extension 72 ºC 4 min 
UO -Promoter Initial denaturation 95 ºC 3 min, 33 cycles of 95 ºC 30 sec, 60 ºC 45 sec, 
72 ºC 50 sec, final extension 72 ºC 4 min 
ALN -Promoter Initial denaturation 95 ºC 2:30 min, 30 cycles of 95 ºC 30 sec, 62 ºC 30 
sec, 72 ºC 30 sec, final extension 72 ºC 3 min 
AAH -Promoter Initial denaturation 95 ºC 2:30 min, 30 cycles of 95 ºC 30 sec, 58 ºC 30 
sec, 72 ºC 40 sec, final extension 72 ºC 3 min 
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A2.4. Cloning of PCR products into the TOPO vector 
The Zero Blunt TOPO PCR Cloning Kit containing the PcrTM-Blunt II- TOPO plasmid 
vector was used for the initial cloning of PCR products. The TOPO cloning reaction was done 
using fresh PCR product, sterile water, salt solution (provided in the kit) and TOPO vector 
(provided in the kit) according to the protocol recommended by the manufacture. Once the TOPO 
cloning reaction was done, competent E. coli was transformed by electroporation. To perform 
electroporation, the TOPO cloning reactions were added to the competent E. coli in 2 mm 
electroporation cuvettes (VWR International, Mississauga, ON, Canada). For electroporation, a 
Bio-Rad electroporation system (Gene Pulser II model) with setting at 1.8 kV and a capacitance 
of 25 µF (Sambrook and Russell, 2001) was used. After electroporation, the solution was 
transferred to 1 mL LB (Luria-Bertani) liquid medium containing 0.5% w/v bacto-yeast extract 
(BioShop), 1% tryptone (Becton, Dickinson and Company; USA), 1% NaCl at pH 7.0 supplied 
with 50 mg L-1 Kanamycin (Calbiochem; VWR). Electroporated samples were incubated at 37°C 
in an incubator shaker (1575 model; VWR) for 1 hour and then plated on LB agar media containing 
kanamycin. Positive colonies were apparent after 24 hours. Plasmids from positive colonies were 
isolated using the HiYield Plasmid Mini Kit (RBC Bioscience, BioAspect Inc, ON, Canada). To 
confirm the presence of the desired DNA fragments in the cloning vector, plasmids were digested 
with restriction enzyme EcoRI (NEB, New England Biolabs, Ipswich, MA, USA) and separated 
on a 1.2 % agarose gel. Positive plasmids were sequenced using Sanger sequencing method (NRC, 
Saskatoon) by M13 forward (5´-GTAAAACGACGGCCAG-3´) and reverse (5´-
CAGGAAACAGCTATGAC-3´) primers and sequence alignment was done using Align and Blast 
algorithm available at NCBI (http://www.ncbi.nlm.nih.gov).  
 
A2.5. Restriction endonuclease digestion 
Restriction endonuclease enzymes (New England Biolabs) were used in double restriction 
digestion reactions. The digested sample was analysed by agarose gel electrophoresis and the 
desired fragments were eluted from the gel by E.Z.N.A gel extraction Kit (OMEGA Bio-Tek Inc, 
VWR) according to the manufacture’s recommended protocol. The DNA insertions cloned into 
the pCAMBIA vector are listed in table A3. 
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Table A3. Restriction enzymes used for double-digestion of XDH1 promoter and UO coding 
sequence.  
Gene Restriction Enzymes Supplied buffer Product 
size (bp) 
Xanthine dehydrogenase 1 (XDH1) 
 (at4g34890) Promoter 
EcoRI (G^AATTC) 
NcoI (C^CATGG) 
Tango buffer 
(New England 
Biolabs) 
1084 
Uricase (UO) 
(At2g26230) Coding sequence 
NcoI (C^CATGG) 
BstEII (G^GTNACC) 
NEB buffer 3.1 996 
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A2.6. Ligation 
For ligation of genes in the pCAMBIA vector, T4 DNA ligase (New England Biolabs) was 
used. For ligation reactions, a 1:3 ratio of vector to insert DNA in 20 µl sterile ddH2O was used. 
The ligation reaction was completed at 23ºC for 1 h.  
 
A2.7. Recombinant pCAMBIA 1303 cloning 
E. coli, strain DH5α was transformed with the recombinant vectors by electroporation at 
1.8 kV and a capacitance of 25 µF (Sambrook and Russell, 2001). pCAMBIA 1303 lacking any 
insert was also introduced into the bacteria to provide a control vector. 
 
A2.8. Agrobacterium transformation 
Binary vector construct: pCAMBIA+ UO coding sequence, pCAMBIA+ XDH1 promoter 
and pCAMBIA (without insertion) were transferred into competent A. tumefaciens, strain 
GV1301, by electroporation at 2.5 kV and a capacitance of 25µF. After electroporation, the 
bacterial suspensions are transferred to 1 ml LB media and incubated in the shaker at 28º C for 1 
h. The incubated suspension was transferred to LB agar plates containing 50 mg L-1 kanamycin 
and incubated at 28º C for 48 h. After 48 h, colonies were screened by colony PCR using the 
specific primers for each gene.  
 
A2.9. Plant transformation 
A. thaliana plants, ecotype Colombia (Col-0) were transformed using the floral dip method 
as described by Zhang et al (2006). Arabidopsis seeds were germinated on MS media and allowed 
to grow for 10 days. About 8-10 seedlings were transferred to each individual 10 cm (350 mL 
volume) pot containing soil. Pots were placed in long-day conditions (16/8 h light/dark cycle, 22 
ºC) for 4 to 5 weeks until the plants contained approximately 20–25 inflorescences and probably 
some maturing siliques. Mature siliques were clipped off before transformation. Agrobacterium 
was prepared by transferring a single colony of Agrobacterium into 5 mL LB medium containing 
kanamycin (50 mg L-1). The culture was incubated at 28º C for 48 h and used as a feeder culture 
to inoculate 500 mL liquid LB and grow at 28º C for 1 additional day. The bacterial cells were 
collected at room temperature by centrifugation at 4,000g for 10 min. The collected bacteria were 
suspend in 500 mL of 5% (wt/v) sucrose solution. 0.02% (v/v) (100 µL per 500 mL of solution) 
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Silwet L-77 (Phytotechnology Labs, KS, USA) was added to the solution immediately before 
dipping. The plants were inverted in the Agrobacterium suspension, with aerial parts of the plants 
dipped in suspension for 10 s. Plants were allowed to cover under a plastic cover overnight and 
were shifted back to the chamber for growth and maturation of siliques. T1 seeds from mature 
siliques of dried plants were collected. T1 seeds were planted and screened on MS medium 
containing 25 mg/L hygromycin (ThermoFisher Scientific). After 1 week, potential transformants 
were transferred to a fresh selection plate with hygromycin for an additional 10 days to ensure they 
were true transgenic lines. 
 
 
A3. RESULTS 
 
A3.1. Amplification of promoter and CDS sequences 
PCR conditions were standardized to amply the DNA fragment for four promoter and four 
CDS regions as shown on Figure A2.  
 
A3.2. Cloning of PCR product into TOPO vector 
Following PCR amplification, a number of PCR products were cloned into PcrTM-Blunt II- 
TOPO plasmid vector. Plasmid was extracted from positive colonies and digested by restriction 
enzyme EcoRI to confirm the insertion (Figure A3). Cloned fragments were confirmed by 
sequencing and analysis with BLAST before sub-cloning into the plant transformation vector, 
pCAMBIA 1303.  
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Figure A2. PCR amplification products of promoter and coding sequence of four ureide metabolism 
genes using primers with restriction enzyme sites and extra overhang nucleotides. XDH1: xanthine 
dehydrogenase 1; UO: uricase; ALN: allantoinase; AAH: Allantoate Amidohydrolase. P: promoter; CDS: 
coding sequence. 
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Figure A3. EcoRΙ restriction enzyme analysis of a number of ureide biosynthesis gene insert in TOPO 
plasmid vector. (A) Restriction enzyme digestion of XHD1 promoter (B) Restriction enzyme digestion of 
ALN promoter (C) Restriction enzyme digestion of ALN coding sequence. All digestions are done with 
EcoRΙ enzyme. XDH1: xanthine dehydrogenase 1; ALN: allantoinase. P: promoter; CDS: coding sequence 
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A3.3. Bacterial transformation 
After sequencing, the XDH1 promoter and UO coding sequences were sub-cloned into the 
pCAMBIA 1303 vector. Recombinant pCAMBIA1303 vectors were first introduced into E. coli 
and then into A. tumefaciens. A pCAMBIA1303 vector without insertion was also used to 
transform bacteria to provide a control vector. To confirm the transformation of E.coli and A. 
tumefaciens, positive clones were used for PCR amplification of the desired gene sequences 
(Figure A4). 
 
A3.4. Agrobacterium-mediated Arabidopsis transformation 
T1 seeds generated from Arabidopsis plants after floral dip transformation were screened 
on MS plates containing hygromycin (25 mg L-1) (Figure A5). On hygromycin selection plates, 
only transformed seedlings develop roots that penetrate the media and produce true leaves (Zhang 
et al., 2006). After 1 week, potential transformants were transferred to a fresh selection plate for 
an additional 10 days to ensure they were true transgenic seedlings (Figure A6). Seedlings were 
transferred into soil and were allowed to grow and set seed. T2 seeds were collected and stored for 
future experiments.  
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Figure A4. Colony-PCR results of positive E. coli and A. tumefaciens colonies. (A) Colony-PCR of 
positive E. coli colonies for P. XDH1 and CDS.UO. (B) Colony-PCR of positive A. tumefaciens colonies 
for CDS. UO colonies. (C) Colony-PCR of positive A. tumefaciens colonies for P. XDH1. XDH1: xanthine 
dehydrogenase 1; UO: uricase. P: promoter; CDS: coding sequence 
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Figure A5. Identification of T1 transformant seedlings on MS with 25 mg L-1 hygromycin selection 
plates. When seeds are planted on hygromycin selection media, only true transformants (shown in red 
circles) develop roots inside the media and produce true leaves.  
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Figure A6. Potential T1 transformant seedlings after 10 days growth on fresh hygromycin selection 
plate. Potential T1 transformant seedlings were transferred to a fresh selection media and were allowed to 
grow for an additional 10 days to ensure that they were true transgenic lines before transferring them to 
pots containing soil. The picture shows transgenic UO overexpression plants. UO: uricase 
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A4. Discussion 
Application of reverse genetic approaches such as overexpression, knockout mutants and 
reporter genes has remarkably helped scientists to study the function of Arabidopsis stress-
responsive genes (Visscher et al., 2015). Overall, I have designed primers to amplify the potential 
promoter region as well as the coding sequence of the four Arabidopsis ureide metabolism genes 
XHD1, UO, ALN and AAH. PCR products from each amplication was initially introduced into the 
pCRTM-Blunt II- TOPO plasmid vector and confirmed by sequencing. After confirmation of no 
sequence mismatch in the PCR products, the XDH1 promoter and UO coding sequences were 
transferred to the pCAMBIA 1303 vector and then to Arabidopsis plants via Agrobacterium 
transformation system. Although all PCR products from this research will eventually be used to 
transform Arabidopsis, I have selected to start the cloning procedures with the XDH1 promoter 
and UO coding sequences. 
 Phenotypic characterization of Arabidopsis XDH-knockdown mutants provided the first 
evidence on function of ureide metabolism in plant physiological processes (Nakagawa et al., 
2007) and abiotic stress response (Watanabe et al., 2010). It has been suggested that XDH is 
involved in some of the main physiological aspects of plant life such as hypersensitive cell death 
(Montalbini, 1995), drought stress response (Yesbergenova et al., 2005; Watanabe et al., 2010) 
and senescence (Pastori and Del Rio, 1997; Brychkova et al., 2008). It is still undetermined 
whether XDH activity contributes to the regulation of ROS levels in plant cells in response to 
abiotic or biotic stresses (Nakagawa et al., 2007).  Thus, for example, XDH1 promoter::reporter 
plants can be used to study the expression of XDH1 as well as localization of ROS at the same 
time under stress conditions.  
The first plant uo mutant and its phenotype was reported by Hauck et al. (2014) in 
Arabidopsis. Increased level of uric acid in the Atuo mutant resulted in a lower germination rate 
and severe deficiency in seedling establishment under non-stress conditions. Moreover, as 
presented in the current thesis, higher expression of UO was found under various abiotic stresses 
in Col-0 plants. Simultaneously, accumulation of allantoin was determined in Col-0 plants under 
stress conditions. All of these observations suggest that studying UO overexpressed plants under 
abiotic stress can be noteworthy. 
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Cloning of ureide metabolism genes will help us to investigate their expression using 
promoter::reporter lines or their response to abiotic stress after upregulation using overexpression 
lines under adverse environmental conditions. These constructs can subsequently be used to 
transform Arabidopsis for reverse genetic studies. Therefore, transgenic plants or the constructs 
achieved in this research will help us to study the function of these genes in response to high 
salinity, drought or other abiotic stresses in Arabidopsis.  
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6. APPENDIX B. Supplementary tables 
 
 
 
 
Table B1. T-DNA insertion lines ordered from ABRC listed in the order of the ureide metabolic 
pathway.  
A. thaliana Gene T-DNA insertion 
line code 
T-DNA insertion location 
XDH1 (At4g34890) SALK_ 148364 On 10th interon from 13  
XDH1 (At4g34890) SALK_ 148366 On 10th interon from 13 
XDH2 (At4g34900) SALK_ 143041 On 4th exon from14 
XDH2 (At4g34900) SALK_ 015081 On 4th exon from14 
UO (At2g26230) SALK_ 131436 On 1st  intron from 8 
UO (At2g26230) SALK_ 096471 5’ UTR 
UO (At2g26230) SAIL_ 267b_D04 On1st  exon from 8 
ALN (At4g04955) SALK_ 013986 On 12th exon from 15 
ALN (At4g04955) SALK_ 142607 On 9th intron from 14 
ALN (At4g04955) SALK_ 000282 On 12th exon from 15 
ALN (At4g04955) SAIL_ 810_E12  On 2nd exon from 15 
AAH (At4g20070) SALK_ 112631 On 10th interon from 11 
UGLYAH (At4g17050) SALK_ 054835 On 11th exon from 13 
UGLYAH (At4g17050) SALK_ 071989 On1st  exon from 13 
UGLYAH (At4g17050) SALK_072119 Promoter 
UAH (At5g43600) SALK_ 108394 Promoter  
UAH (At5g43600) SALK_ 024998 On 2nd intron from 11 
UAH (At5g43600) SAIL_ 338_C08 On 10th exon from 12 
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Table B2. Sequence of primers designed with the T-DNA primer design program and used to 
screen T-DNA insertion lines. Sequences of the primers presented as 5’ to 3’ and genes are listed in 
order of the ureide metabolic pathway.  
 
Forward primer Reverse primer T-DNA mutant line 
 
A. thaliana Gene 
ATTCAAAGAATCGCAGCTGAG GCGTTCCCTTTTCCAGATATC SALK_148366.55.75.x XDH1 (At4g34890) 
ATTCAAAGAATCGCAGCTGAG GCGTTCCCTTTTCCAGATATC SALK_148364.54.75.x XDH1 (At4g34890) 
ATTGGCATACGCAGAGACAAC CTGCAAGACGCACTTAAGGTC SALK_143041.54.75.x XDH2 (At4g34900) 
ATTGGCATACGCAGAGACAAC 
 
GATTAAGGAAGGTGCTCCTGG SALK_015081.51.10.x XDH2 (At4g34900) 
GAGCTAGTCCTCCAATACCGG TGATACAAGGCGAAATCGATC SALK_131436.46.30.x UO (At2g26230) 
GAGCTAGTCCTCCAATACCGG 
 
GGTATTTTACCGAAAATGGCC 
 
SALK_096471.54.00.x 
 
UO (At2g26230) 
AGATGCATTAACCTCTGTGGC TGAGAGTTGGAAGAGTTTGGC SAIL_267b_D04/CS812424 UO (At2g26230) 
CACGCAGAGATCGAGAGAGAC TACATCAAATTCGGCTTCAGG SALK_000282.55.25.x ALN (At4g04955) 
CACGCAGAGATCGAGAGAGAC TACATCAAATTCGGCTTCAGG SALK_013986.54.05.x ALN (At4g04955) 
GCTGAATAAAGCACGTAAGCG AATATCTCACCACAACCGTCG SAIL_810_E12 / CS836203 ALN (At4g04955) 
CGCTTACGTGCTTTATTCAGC CACTGTCTCCTTTGCCTTTTG SALK_142607.50.20.x ALN (At4g04955) 
CATGCAATGGACAATACCATG TGGAAAGTGTTTGCAAAAACC SALK_112631.51.60.x AAH (At4g20070) 
AGTGCTTAGAGTGGACATGGC ATTGTTGGCTCCACAGACAAG SALK_054835.54.65.x UGLYAH (At4g17050) 
ATTTTCCCTCAATTCACCACC TTCGTGGCTTTCCAATAAATG SALK_071989.54.50.x UGLYAH (At4g17050) 
ATTTTCCCTCAATTCACCACC TTCGTGGCTTTCCAATAAATG SALK_072119.42.00.x UGLYAH (At4g17050) 
GAGTGGGAGATTCGAAACGAC GAGCCGAGACATCTTTGTCAG SALK_108394.47.50.x UAH (At5g43600) 
TTCCCTGTCACAATCTAAGAGC TGAGCTCTTGAGGAAGCTGAG SAIL_338_C08/ CS815741 UAH (At5g43600) 
CTTCTGCGTATCCTGCTGATC TCTGCTCTATTGCGCTTCTTC SALK_024998.56.00.x UAH (At5g43600) 
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Table B3. List of primers used to detect the effect of T-DNA insertion on the expression of the 
impaired gene by RT-PCR. Sequences of the primers presented as 5’ to 3’ and genes are listed in order 
of the ureide metabolic pathway.  
 
A. thaliana 
Gene 
Abbreviation Forward Primer Reverse Primer Product 
size (bp) 
Genome 
size (bp) 
Transcript 
size (bp) 
AT4G34890 
 
 
XDH1 CGCGGATACACATGAAAATG TTTCCAGAGCTGATGCAATG 904 6485 4323 
AT4G34900 XDH2 GTGGCTTTGGTGGTAAGGAA CGTCTAAAACTGCAGCACCA 891 5773 4216 
AT2G26230 UO GAAAGCCAAGGAATGTGGAG TGAAGGGTTTTCCTTCGTTG 662 2621 1354 
AT4G04955 ALN GAACTAAGGCTGCTGCTGCT TTCAGGTTCCCACACAACAA 977 3247 1809 
AT4G20070 AAH AAGGGACGAAGCTGTAGCAA TAGCACTTGGCCATGTTGAG 827 3242 1838 
AT4G17050 UGLYAH GCCCTTTACCTGACTGGACA AGTCTTTCCGAGTGCAGCAT 611 3021 1166 
AT5G43600 UAH ATCTGCCTGCTGTAGCCACT CGGCTGATCATCATCTTGTG 877 3020 1821 
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Table B4. List of primers used for gene expression analysis under abiotic stress conditions using 
RT-PCR. Sequences of the primers presented as 5’ to 3’. 
 
A. thaliana 
gene 
 
Abbreviation Forward Primer Reverse Primer Product 
size (bp) 
AT4G34890 
 
 
XDH1 CGCGGATACACATGAAAATG TTTCCAGAGCTGATGCAATG 904 
AT4G34900 XDH2 GTGGCTTTGGTGGTAAGGAA CGTCTAAAACTGCAGCACCA 891 
AT2G26230 UO GAAAGCCAAGGAATGTGGAG TGAAGGGTTTTCCTTCGTTG 662 
AT4G04955 ALN GAACTAAGGCTGCTGCTGCT TTCAGGTTCCCACACAACAA 977 
AT5G58220 ALNS    AATTCGCGAAGCAGATGTCTA 
 
AGTGGGACATGGAAATGCTC 880 
AT4G20070 AAH AAGGGACGAAGCTGTAGCAA TAGCACTTGGCCATGTTGAG 872 
AT4G17050 UGLYAH GCCCTTTACCTGACTGGACA AGTCTTTCCGAGTGCAGCAT 611 
AT5G43600 UAH ATCTGCCTGCTGTAGCCACT CGGCTGATCATCATCTTGTG 877 
At5g09810 ACTIN7 GATATTCAGCCACTTGTCTGTGAC CATGTTCGATTGGATACTTCAGAG 187 
At1g08830 
 
CSD1 TGGCGAAAGGAGTTGCAGTT 
 
 
TGGCAATCAGTGATTGTGAAG 
 
304 
AT4G35090 
 
CAT2    TCAAGGAAGAAGGAGCTTTCA     CATCATGTGGATCTTCTGTGC 157 
At1g07890 
 
APX1 CCACTCGCATTTCTCCAGAT 
  
    TCGAAAGTTCCAGCAGAGTG 352 
At4g27410 
 
RD26 
 
GATGTGAAGTTACTGATGGGTGAA 
 
GCGAGCCAAGTCACAAGGAG 
  
502 
At5g52310 
 
RD29A 
 
ATGATGACGAGCTAGAACCTG 
 
CCTTGTCCGATGTAAACG 
 
228 
At5g52310 
 
RD29B 
 
GAAGACAACGGCTACAAAGG 
 
ACGGTGGTGCCAAGTGAT 
 
219 
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Table B5. List of primers used for qRT-PCR. Sequences of the primers presented as 5’ to 3’. 
A. thaliana 
Gene 
 
Name 
 
Forward Primer 
 
Reverse Primer 
Product 
size (bp) 
 
AT2G26230 
 
UO 
 
CACTGTTTATGTGAAAGCCAAGGAATG 
 
 
CCCAAGCTTAAAACCATGTAAATGTGG 
 
 
187 
 
AT4G04955 
 
ALN 
 
CCTGGTCTCATTGATGTGCATGTTC 
 
 
TGTTTTTCGCAGCTTCAATCTTGAGT 
 
 
187 
 
AT3G18780 
 
ACTIN2 
 
TTGTGCTGGATTCTGGTGATGG 
 
 
CCGCTCTGCTGTTGTGGTG 
 
 
167 
 
AT4G05320 
 
UBQ10 
 
TTTGTTAAGACTCTCACCGGAAAGACA 
 
 
GAGGGTGGATTCCTTCTGGATATTGTA 
 
 
192 
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Table B6. Homozygous T-DNA insertion lines and the effect of insertion on the expression of the 
mutated gene detected by RT-PCR. Genes are listed in order of appearance in the ureide metabolism 
pathway.  
 
 
T-DNA insertion line A. thaliana Gene T-DNA insertion 
location 
Transcript level of 
effected gene 
SALK_ 148366 XDH1 (At4g34890) Intron No transcript 
SALK_ 015081 XDH2 (At4g34900) Exon No effect 
SALK_ 096471 UO (At2g26230) 5’ UTR Reduced transcript 
SALK_ 013986 ALN (At4g04955) Exon Reduced transcript 
SAIL_ 810_E12 ALN (At4g04955) Exon No transcript 
SALK_ 142607 ALN (At4g04955) Intron No effect 
SALK_ 112631 AAH (At4g20070) Intron No transcript 
SALK_ 071989 UGLYAH(At4g17050) Exon No effect 
SALK_072119 UGLYAH (At4g17050) Promoter Increased transcript 
SALK_ 108394 UAH (At5g43600) Promoter Increased transcript 
SAIL_ 338_C08 UAH (At5g43600) Exon No transcript 
SALK_ 024998 UAH (At5g43600) Intron No effect 
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Table B7. Chlorophyll level (A), Fv/Fm ratio (B) and anthocyanin level (C) of Col-0 and aln-3 leaves 
on day 0, 7, 14 and 21 after moderate light and increased light treatments. Values represent the mean 
± SEM of three biological replicates. Significant difference between Col-0 and aln-3 measurements for 
each light treatment and time point was determined by t-test (* P < 0.05,  **P < 0.01).  
 
 
 
 
 
 
 
 
 
 
Days           Moderate light intensity            Increased light intensity 
                          (Fv/Fm)                          (Fv/Fm) 
 Col-0 aln-3 Col-0 aln-3 
0 0.80 ± 0.00 0.80 ± 0.00 - - 
7 0.81 ± 0.01 0.81 ± 0.00 0.76 ± 0.01 0.76 ± 0.00 
14 0.81 ± 0.00 0.81 ± 0.01 0.46 ± 0.01 0.57 ± 0.02 * 
21 0.80 ± 0.01 0.80 ± 0.01 0 0 
 
Days Moderate light intensity  Increased light intensity  
 Anthocyanin content (abs. /g FW)-1 Anthocyanin content (abs. /g FW)-1 
     Col-0         aln-3       Col-0           aln-3 
0 0 0 - - 
7 0.31 ± 0.02 0.28 ± 0.02 2.5 ± 0.3 2.3 ± 0.3 
14 0.53 ± 0.03 0.48 ± 0.05 35 ± 1.1    28 ± 0.1 ** 
21 0.78 ± 0.02 0.80 ± 0.03 65 ± 0.6   61 ± 0.7 * 
 
 
Days           Moderate light intensity            Increased light intensity 
          mg chlorophyll (g FW)-1           mg chlorophyll (g FW)-1 
        Col-0              aln-3       Col-0            aln-3 
0 0.70 ± 0.04 
 
0.67 ± 0.04 
 
- - 
7 0.73 ± 0.04 
 
0.73 ± 0.05 
 
0.54 ± 0.03 
 
0.51 ± 0.03 
 
14 0.85 ± 0.06 
 
0.88 ± 0.07 
 
0.33 ± 0.02 
 
0.46± 0.02 ** 
 
21 0.64 ± 0.03 
 
0.63 ± 0.03 
 
0.06 ± 0.02 
 
0.1 ± 0.01 
 
 
B 
C 
A 
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7. APPENDIX C. Supplementary figures 
 
 
 
 
Figure C1. HPLC Standard calibration curves for allantoin, uric acid and allantoate.  
y = 834.86x + 69.046
R² = 0.9999
0
10000
20000
30000
40000
50000
0 10 20 30 40 50 60
A
re
a 
u
n
d
er
 t
h
e 
p
ea
k
Allantoin amount (nmol)
y = 1521.5x - 305.23
R² = 0.9999
0
10000
20000
30000
40000
50000
60000
70000
80000
0 10 20 30 40 50 60
A
re
a 
u
n
d
er
 t
h
e 
p
ea
k
Uric acid amount (nmol)
y = 2545.5x + 12.041
R² = 0.9991
0
500
1000
1500
2000
2500
3000
0 0.2 0.4 0.6 0.8 1 1.2
A
re
a 
u
n
d
er
 p
ea
k
Allantoate amount (nmol)
145 
 
 
 
 
 
Figure C2. HPLC separation of ureides. Typical chromatograms from Col-0 (A) and aln-3 (B) leaf tissue 
samples, as well as a mixed standard containing pure allantoin, allantoate, and uric acid (C).   
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Figure C3. Control RT-PCR analysis for four homozygous mutants without expression of the mutant 
genes. ACTIN7 (187 bp) was used as a control.  
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Figure C4. Phenotype of Col-0 and mutant seedlings when seeds were germinated on MS control. The 
picture was taken 14 days after transfer to germination-permissive conditions.  
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Figure C5. Phenotype of Col-0 and mutant seedlings when the seeds were germinated on 150 mM 
NaCl. The picture was taken after 10 days under germination-permissive conditions.  
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Figure C6. Uric acid level in Col-0 leaves in response to drought and well-watered conditions. Uric 
acid content in Col-0 leaves after 5 and 10 days of withholding water and on day 14 which represents two 
days after re-watering drought-stressed plants (white bars) and well-watered control condition (black bars). 
Day 0 indicates the day before withholding water. DW, dry weight. Error bars are the standard error of the 
mean (SEM). (n= 3). 
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Figure C7. RT-PCR analysis of a number of ureide metabolic genes under well-watered conditions. 
Expression analysis of a number of ureide metabolism genes in leaf tissue of Col-0 plants on day 0, 5, 10 
and 14 days well-watered (control for drought stress) plants. RD29A, RD29B and RD26 represent stress-
responsive genes and ACT7 served as reference gene. XDH1, xanthine dehydrogenase1; UO, uricase; ALNS, 
allantoin synthase; ALN, allantoinase; RD, dehydration-responsive genes; ACT7, Actin7. Image is 
representative of three independent replicates.  
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Figure C8. Allantoin content in aln-3 in response to drought and control conditions. Accumulation of 
allantoin in  various tissues of aln-3 after 0, 5 and 10 days of non-stress condition (white bars) and drought  
stress (black bars). Day 14 represents 2 days after re-watering. Cauline leaves and siliques started  to form 
on day 5 and 7, respectively. Data presented are the mean of three independent replicates ± SEM. Asterisks 
indicate significant differences determined by a t-test between drought and cotrol data on the same time 
points (* P < 0.05,  **P < 0.01). (n= 3) 
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Figure C9. RT-PCR analysis of ureide metabolism genes in Col-0 leaves, 10 days after moderate or 
increased light treatments. 17-day-old plants were shifted to chambers with moderate or increased light 
conditions. In order to analyze the expression of some ureide metabolism genes, RNA was extracted from 
leaf tissue of Col-0 plants 10 days after moderate or increased light treatments. XDH, xanthine 
dehydrogenase; UO, uricase; ALN, allantoinase; AAH, allantoate amidohydrolase; UGLYAH, ureidoglycine 
aminohydrolase; UAH, ureidoglycolate amidohydrolase; ACT7, Actin7. ACT7 served as reference gene. 
(n= 2) 
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Figure C10. Percentage of germinated Col-0 and aln-3 seeds, three days after transfer to germination-
permissive conditions. No significant difference was found between the germination percentage of Col-0 
and aln-3 seeds on each media when tested by t-test at at p < 0.05. Two-way-ANOVA analysis of data 
confirmed that there is no significant impact of genotypes but the effect of treatments (NaCl concentrations) 
is significant at p < 0.05.  
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Figure C11. Percentage of germinated Col-0 seeds, three and six days after transfer to germination-
permissive conditions. ALN: allantoin; Pro: proline; MS represents the media without NaCl as control. 
NaCl media contained 100 mM NaCl. All four media of ALN 0.1 mM, ALN 1 mM, Pro 0.1 mM and Pro 1 
mM contained 100 mM NaCl.  Measurements was made of at least 30 seedlings per experiment. Data 
presented are the mean of three independnet replicates ± SEM. Tukey's test was used to compare the means 
of each treatment to the means of other treatments. Different letters above the bars indicate significant 
differences detected by Tukey HSD test at p < 0.05. (n= 3). 
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